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ABSTRACT 

This technical memorandum (TM) presents guidelines for geotechnicai anaiysis and design 
criteria for high-speed train infrastructure faciiities. The guideiines, standards, and requirements 
provided in this TM represent the minimum standard of practice and criteria for anaiysis and 
design as appiied to the 30% design stage of deveiopment. 

This TM discusses geotechnicai characterization and interpretation of subsurface conditions, and 
the deveiopment of engineering parameters for soii and rock materiais that wiii be used for 
geotechnicai anaiyses and design of features and structures inciuding: 

• Foundations for structures such as bridge and aeriai viaducts 

• Siopes 

• Tunneis and underground structures 

• Cuts 

• Fiiis and embankments 

• Retaining waiis 

• Cuiverts 

• Drainage and subdrainage 

Earthquake engineering eiements of geotechnicai design and anaiyses are addressed. Limited 
guidance is provided on ground improvement required for detaiied design. The anaiyses and 
design for these topics shaii be performed foiiowing generaiiy accepted geotechnicai engineering 
principies and procedures adapted to the high-speed train project. 

The information presented in this TM is based predominantiy on documented, weii-known 
methodoiogies and estabiished reference pubiications that are considered appiicabie to the 
Caiifornia High-Speed Train Project design. Where avaiiabie, existing guideiines are briefiy 
summarized and referenced without dupiicating their contents. 
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1.0 INTRODUCTION 

The information presented in this technicai memorandum (TM) is based predominantiy on 
documented weii-known methodoiogies and estabiished reference pubiications. These 
references provide generaiiy accepted (standardized) methods of geotechnicai anaiyses for 
engineering design purposes. However, the information in this TM extends and, in some cases, 
modifies these common geotechnicai anaiyticai methods to inciude additionai criteria. 

Eiements of geotechnicai anaiyses and design criteria subjected to these guideiines and 
standards may inciude (1) data interpretation, (2) data anaiysis and modeiing, and (3) 
geotechnicai design caicuiations. The anaiyses for these topics shaii be performed foiiowing 
generaiiy accepted geotechnicai engineering principies and procedures, as described herein. 
The vaiues for key parameters and properties to be used in anaiyses and design shaii be 
seiected by geotechnicai staff with appropriate ieveis of expertise and who are intimateiy famiiiar 
with the types of soii and rock in the region and who are intimateiy knowiedgeabie about the 
regionai construction procedures that are required for the proper instaiiation of earthworks and 
foundations in iocai soii and rock units. Soii properties such as stress-strain reiationships and 
strengths depend on the design or evaiuation situation; for exampie, dynamic properties shaii be 
used when considering seismic actions. As such, the response and properties of soii and rock 
materiais used in geotechnicai assessments shaii be based on properties, tests, and anaiyses 
appropriate to the assessment conditions. 

Geotechnicai anaiysis shaii be consistent with the performance-based engineering design of 
structures and features/faciiities. This TM inciudes introduction of the geotechnicai design basis 
for performance-based design, inciuding design fiow, design iife, and varying ieveis of required 
performance criteria for the project. Description of the performance requirements are presented 
in various structurai engineering and geotechnicai/seismic TMs. 

The Caiifornia High-Speed Train Project (CHSTP) makes use of the ioad and resistance factor 
design (LRFD) methodoiogy per American Association of State Highway and Transportation 
Officiais (AASHTO) Bridge Design Specifications (BDS, most current version) with State of 
Caiifornia Department of Transportation (Caitrans) Amendments for engineering design approach 
in both geotechnicai anaiysis and structurai engineering. Some aspects of appiying LRFD 
procedures to the geotechnicai discipiine and, in particuiar, geotechnicai earthquake engineering, 
have not been fuiiy vetted or caiibrated. If LRFD-based input from geotechnicai engineering 
ieads to unusuai or unconventionai designs (inciuding either overiy conservative or 
unconservative), then designers shouid compare with resuits of conventionai geotechnicai 
engineering design procedures inciuding pre-LRFD AASHTO. In order to submit any proposed 
deviations as variances, the designers shaii foiiow the "Design Variance Request" process to 
seek review and approvai as described in TM 1.1.18 guideiines. 

1.1 Purpose of Technical Memorandum 

The purpose of this TM for geotechnicai criteria is to provide guidance for the design process, 
inciuding methodoiogy, anaiyticai procedures, and assumptions and to estabiish acceptabie 
standards in terms of expected performance of infrastructure faciiities and/or integrity of the finai 
design. 

1.2 Statement of Technical Issue 

This TM presents guideiines for geotechnicai anaiysis and design criteria for high-speed train 
(HST) infrastructure faciiities. The guideiines, standards, and requirements provided in this TM 
represent the minimum standard of practice and criteria for anaiysis and design. Earthquake 
engineering eiements of geotechnicai design and anaiyses are aiso addressed. Limited guidance 
is provided on ground improvement required for detaiied design. 

1.3 General 

There is no practicai way to cover aii the intricate aspects of geotechnicai engineering anaiyses 
and design criteria for the project in one guidance document. Even though the materiai 
presented generaiiy represents the current state-of-the-practice in Caiifornia, engineering 
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judgment based on local conditions and knowiedge must aiso be appiied. This is true of most 
engineering discipiines, and it is especiaiiy true in the area of geotechnicai engineering. It is 
important that the geotechnicai anaiyses work and reports that wiii in turn be used for design and 
construction of infrastructure faciiities be performed by quaiified geotechnicai staff with 
appropriate ieveis of iicensure and expertise in transportation projects in the State of Caiifornia. 
This TM has been prepared assuming that the users have the appropriate geotechnicai 
quaiifications and experience as deemed required under iicensure and registration by the State of 
Caiifornia Board for Professionai Engineers, and inciuding Geoiogists and Geophysicists, under 
the Department of Consumer Affairs. 

In order to provide a consistent and dependabie design, geotechnicai practitioners responsibie for 
anaiyses for the project use state-of-the-practice methodoiogies, procedures, and terminoiogy in 
a somewhat standardized manner to maintain consistency in geotechnicai anaiyses and reporting 
practices across the entire project. This consistency wiii aiso faciiitate interface and sharing 
among technicai designers throughout the design and construction stages of the project. 
Designers are advised that eariy submittai of initiai geotechnicai information and preiiminary 
recommendations or engineering evaiuation of preiiminary data may be necessary to estabiish 
basic design concepts. This is commoniy the case on iarge projects or projects containing 
compiex or difficuit geotechnicai probiems where aiignment and/or grade adjustments maybe 
appropriate based on geotechnicai recommendations regarding major site or subsurface 
constraints. 

Each design team wiii be responsibie for performing and documenting an internai and 
independent peer review of aii deiiverabies. 

1.3.1 Definition of Terms 

The foiiowing technicai terms and acronyms used in this document have specific connotations 
with regard to Caiifornia High-Speed Train system. 


Acronyms 

AASHTO 

AREMA 


American Association of State Highway and Transportation Officiais 
American Raiiway Engineering and Maintenance of Way Association 
American Society for Testing and Materiais 
Becker Hammer Penetration Test 
Caiifornia Department of Transportation 

Caiifornia Bearing Ratio (standard test methods ASTM D 1883 / D 4429) 

Caiifornia Buiiding Code 

Certified Engineering Geoiogist 

Code of Federai Reguiations 

Caiifornia Geoiogicai Survey 

Caiifornia High-Speed Raii Authority 

Caiifornia High-Speed Train 

Caiifornia High-Speed Train Project 

Cone Penetration Test 

Cone Penetration Test with pore water pressure measurement 

Federai Highway Administration 

Factor of Safety 

Federai Raiiroad Administration 

Geotechnicai Baseiine Report 

Geotechnicai Data Report 

Caiifornia Registered Geotechnicai Engineer 

High-Speed Train 

Internationai Society for Rock Mechanics 
Logs of Test Borings 

Load and Resistance Factor Design method 
Maximum Considered Earthquake 
Miies per hour 

Mechanicaiiy Stabiiized Earth 
Nationai Highway Institute 


ASTM 

BPT 


Caitrans 


CBR 

CBC 

CEG 

CFR 

CGS 


Authority 

CHST 

CHSTP 


CPT 

CPTu 

FHWA 

EOS 

FRA 

GBR 

GDR 

GE 

HST 

ISRM 

LOTB 

LRFD 

MCE 


MPH/mph 


MSE 

NHI 
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OBE 

PGA 

RMR 

RSS 

SAT 

SPT 

TBM 

TM 

UlC 

uses 

USGS 

WSD 


Operating Basis Earthquake 
Peak Ground Acceieration 
Rock Mass Rating 
Reinforced Soii Siopes 
Soii Abrasion Test 
Standard Penetration Test 
Tunnei Boring Machine 
Technicai Memorandum 
Internationai Union of Raiiways 
United Soii Ciassification System 
United States Geoiogicai Survey 
Working Stress Design 


1.3.2 Units 

The CHSTP is based on U.S. Customary Units consistent with guideiines prepared by the 
Caiifornia Department of Transportation and defined by the Nationai Institute of Standards and 
Technoiogy (NIST). U.S. Customary Units are officiaiiy used in the United States, and are aiso 
known in the U.S. as “Engiish” or “Imperiai” units. In order to avoid confusion, aii formai 
references to units of measure shouid be made in terms of U.S. Customary Units . 

1.4 Laws and Codes 

Initiai HST design criteria wiii be issued in technicai memoranda that provide guidance and 
procedures to advance the preiiminary engineering. When compieted, a Design Manuai wiii 
present design standards and criteria specificaiiy for the design, construction, and operation of the 
CHSTP’s high-speed raiiway. 

Criteria for design eiements not specific to HST operations wiii be governed by existing appiicabie 
standards, iaws, and codes. Appiicabie iocai buiiding, pianning, and zoning codes and iaws are to 
be reviewed for the stations, particuiariy those iocated within muitipie municipai jurisdictions, state 
rights-of-way, and/or unincorporated jurisdictions. 

In the case of differing vaiues, the standard foiiowed shaii be that which resuits in the satisfaction 
of aii appiicabie requirements. In the case of conflicts, documentation for the conflicting standard 
is to be prepared and approval is to be secured as required by the affected agency for which an 
exception is required, whether it be an exception to the CHSTP standards or another agency 
standards. 
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2.0 DEFINITION OF TECHNICAL TOPIC 

2.1 General 

This TM presents guidelines for geotechnicai anaiysis and design criteria for HST infrastructure 
faciiities. The information presented in this TM is based predominantiy on documented, weii- 
known methodoiogies and estabiished reference pubiications that are considered appiicabie to 
the CHSTP design. Where avaiiabie, existing guideiines are briefiy summarized and referenced 
without dupiicating their contents. 
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3.0 ASSESSMENT AND ANALYSIS 

3.1 General 

Geotechnical criteria are intended to provide guidance for the design, methodoiogy, assumptions, 
and anaiyticai procedures and to estabiish acceptabie standards in terms of expected 
performance of infrastructure faciiities and integrity of the finai design. For structures buiit on, in, 
or with earthen materiais of soii and rocks, the geotechnicai engineer needs to know the 
engineering properties of these materiais, in the same way as the designer acquires properties 
for other man-made materiais such as steei and concrete. Due to their non-uniform nature, soiis 
and rocks exhibit more compiicated engineering properties as compared to that of steei and 
concrete. 

The engineering team, inciuding geotechnicai, civii, and structurai discipiines shaii identify design 
and constructabiiity requirements (e.g., support ioads from bridge superstructure and foundation 
deformation toierances) and their effect on the geotechnicai information and parameters needed. 
Subsequentiy, the geotechnicai engineering anaiyses to be performed (e.g., the bearing capacity, 
or the settiement or giobai stabiiity) shaii be identified so that engineering parameters and 
properties required for these anaiyses can be evaiuated. The vaiues seiected for the parameters 
shouid be appropriate to the particuiar performance requirement, inciuding consideration of iimit 
states and their correspondent caicuiation modei under consideration. There shouid be 
continuous communication between the structurai and geotechnicai engineers as design issues 
evoive and change. 

Subject to the restrictions imposed by iicensing iaws in the State of Caiifornia, recommendations 
for design parameters shaii be made under the responsibie charge of Caiifornia iicensed 
geotechnicai engineers. Geoiogic hazards and interpretations wiii be performed under the 
responsibie charge of professionai geoiogists and certified engineering geoiogists. Soii 
mechanics, rock mechanics, and geoiogicai concepts must be combined with knowiedge of 
geotechnicai engineering or hydrogeoiogy to make a compiete appiication of the soii, rock, and 
groundwater investigation. 

3.1.1 Data Evaluation and Geotechnical Analysis 

This TM topic inciudes the geotechnicai characterization and interpretation of subsurface 
conditions and the deveiopment of engineering parameters for soii and rock materiais. Guidance 
on geotechnicai anaiysis and design is provided for a variety of structures and features inciuding 
foundations for bridge and aeriai viaducts; siopes, cuts, fiiis, and embankments; retaining waiis; 
earthquake engineering; and drainage, subdrainage, infiitration, and dewatering. The anaiyses 
for these topics shaii be performed foiiowing generaiiy accepted geotechnicai engineering 
principies and procedures adapted to CHSTP, as described herein. 

Eiements of geotechnicai anaiyses and design criteria subjected to these guideiines and 
standards shaii inciude (1) data interpretation, (2) data anaiysis and modeiing, and (3) 
geotechnicai design caicuiations. The anaiyses for these topics shaii be performed foiiowing 
generaiiy accepted geotechnicai engineering principies and procedures and any project-specific 
methods or criteria contained herein. Soii properties such as stress-strain reiationships and 
strengths that depend on the design or evaiuation scenario such as the dynamic properties shaii 
be used when considering seismic ioading. As such, the response and properties of soii and rock 
materiais used in geotechnicai assessments shaii be based on properties, tests, and anaiyses 
appropriate to the assessment conditions. The engineering anaiysis of naturai materiais (soiis, 
rock, and groundwater) is typicaiiy more compiex than the anaiysis of other construction materiais 
because soii/rock is not a continuum. Therefore, soii and rock typicaiiy do not strictiy meet the 
assumptions of the theories of soiid mechanics and strength of materiais. The engineering 
properties of these naturai materiais can vary over time and space so that their physicai 
properties cannot be assessed at aii iocations for aii conditions. In addition, since each piece of 
civii or structurai infrastructure presents a unique set of design chaiienges, the designers must 
determine the appropriate methods and ievei of refinement necessary to anaiyze and design 
each structure or portion of civii works. As such, the methods and procedures for geotechnicai 
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data evaluation and analysis for design of infrastructure faciiities described herein are intended to 
act as a baseiine for the designers. 

Geotechnicai engineers must exercise judgment in the appiication of these criteria and, where 
appropriate, the use of other estabiished industry standards and procedures. 

3.1.2 Incorporation of Geohazard Study Results 

TM 2.9.3, Geoiogic and Seismic Hazard Evaiuation Guidelines document provides guideiines for 
identifying and evaiuating these hazards for input to project design criteria. The designer shaii 
incorporate the findings of the geoiogic and seismic hazard studies into the geotechnicai design 
documents and address how they have been utiiized and/or mitigated. Geoiogic and seismic 
hazard evaiuation reports shaii be prepared in advance of other geotechnicai reports in order to 
provide a geoiogic framework for future geotechnicai studies. 

The geoiogic and seismic hazards need to be identified and evaiuated to assess their potentiai 
impact on the design, construction, and operation of the HST project. In some instances, these 
hazards wiii have significant impact on the design, construction, and/or operation of the CHSTP 
and therefore wiii require mitigation measures that may be achieved through avoidance and/or 
design modifications. It is necessary for the designers to be informed of these hazards at an 
eariy stage in the design process to ensure that the CHSTP can be designed, constructed, and 
operated to meet the defined performance requirements and objectives. 

For consistency with the ground motion anaiyses, the resuits of geoiogic and seismic hazard 
evaiuations shaii be provided to the geotechnicai engineer and seismic design engineer for their 
evaiuation at a quantitative ievei as input to the geotechnicai investigation and anaiysis 
progresses. The preparation of geotechnicai reports shaii utiiize the information contained in 
geoiogic and seismic hazard evaiuations from a quaiitative standpoint and shaii address how the 
hazards have been both quantified and determined to be inconsequentiai to the HST 
performance, or the method of project mitigations empioyed. The geotechnicai engineer shaii 
evaiuate each of the identified geoiogic or seismic hazards to evaiuate whether they are within 
the toierance of the CHSTP components. If these hazards are found to exceed project 
tolerances, subsequent and more detailed analysis is warranted and shall be performed by the 
responsible geologist and project geotechnical engineer. This will ensure that geotechnical 
investigations and analyses performed under separate guidance are consistent with 
characterized geologic conditions and hazards. 

3.1.3 Geotechnical Reports 

Preparation of geotechnical reports is required to address both design-related issues (basis for 
design) and construction issues. The primary purpose of preparing geotechnical reports is to 
establish single-source documents that provide design-level information and recommendations as 
well as describe the geotechnical conditions anticipated (or to be assumed). 

The requirements for the content and format of geotechnical reports described in TM 2.9.2, 
Geotechnical Reports Preparation Guidelines, shall be used by the designer for all geotechnical 
design documents. 

3.1.4 Basis of Guidelines, and Geotechnical Standards and References 

The information presented in this TM is based predominantly on documented well-known 
methodologies and other established reference publications that are considered applicable to the 
CHSTP design. The geotechnical guidelines referenced include publications issued by AASHTO, 
Federal Highway Administration (FHWA), American Society of Testing and Materials International 
(ASTM), International Union of Railways (UlC), and Caltrans and California Building Code (CBC). 
These references provide generally accepted (standardized) methods of Geotechnical analyses 
for engineering design purposes. Where available, existing guidelines are briefly summarized 
and referenced without duplicating their contents. In other instances, such guidelines do not 
exist. Hence, the information in this TM extends and, in some cases, modifies these common 
geotechnical analytical methods to include additional criteria and unique guidelines for CHSTP. 

The development or selection of geotechnical analyses methodologies and design criteria 
requirements was based on a review and assessment of available information and “best 
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practices,” including (but not iimited to) the references iisted in Section 5 of this TM. Additionaiiy, 
iocai buiiding, pianning, and zoning standards or codes must be met. In the case of differing 
vaiues, or confiicts in the various requirements for design, confiicts among any of them, or 
foiiowing design guideiines, the standard foiiowed shaii be that which resuits in the highest ievei 
of satisfaction for aii requirements or that is deemed as the most appropriate by the Caiifornia 
High-Speed Raii Authority (Authority). The standard shaii be foiiowed as required for securing 
reguiatory approvai. 

3.2 Geotechnical Characterization 

Characterization of surface and subsurface conditions shaii be performed in three dimensions 
based on pians and profiies depicting subsurface units with unique properties and the associated 
geotechnicai engineering properties. This geotechnicai modei shaii then be refined into a 
surface/subsurface engineering domain modei based on the unique design eiements. The 
foiiowing sections describe the guideiines for the deveiopment of the engineering modei to 
promote consistency and to meet project-specific requirements. 

These guideiines are intended for use by the geotechnicai engineers in deveioping consistent, 
quaiity geo-characterization modeis for the HST. Whiie references are made to existing 
guideiines that are an integrai part of this guideiine, no attempt is made to dupiicate or reiterate 
these other guideiines. In that regard, there are three guidance documents that are fundamentai 
to the deveiopment and presentation of this geo-characterization process, inciuding: 

• TM 2.9.1, Geotechnicai Investigation and Laboratory Testing Guideiines 

• TM 2.9.2, Geotechnicai Report Preparation Guideiines 

• TM 2.9.3, Geoiogic and Seismic Hazard Evaiuations Guideiines 

Recommendations for subsurface expioration methods, in-situ testing, and iaboratory testing of 
specimen sampies as part of geotechnicai investigations wiii be provided on the basis of these 
guideiines. In addition to discussion of soii and rock identification, testing, description, and 
ciassification, this TM contains guideiines that present the process and protocoi for interpretation 
of subsurface conditions for use during geotechnicai anaiyses supporting engineering design 
activities for the CHSTP. 

Soii shaii be characterized and ciassified using ASTM D 2488 guideiines for fieid ciassification 
and ASTM D 2487 based on iaboratory test results. Rock should be classified using FHWA 
GEC5 (FHWA, 2002) guidelines which are largely based on International Society for Rock 
Mechanics (ISRM) guidelines. Rock and other formational materials, e.g., very soft rock and 
intermediate geotechnical materials, should also be identified with the name of the geologic 
formation. Dynamic properties of soil and rock shall be assessed for consideration of seismic 
actions and design. 

3.2.1 Laboratory Test Requirements and Reports 

Standards to be used for laboratory testing of soil and rock for the CHSTP are described in TM 
2.9.1, Geotechnical Investigation Guidelines. 

3.2.2 Development of Geo-Characterization Model 

3.2.2.1 Objectives 

This section identifies appropriate methods and technical references to be used for soil and rock 
property assessment, and how to use the soil and rock property data to establish the final soil and 
rock parameters to be used for geotechnical design. 

3.2.2.2 Preliminary Geologic Model 

The geologist in collaboration with the geotechnical engineer shall develop a geologic model 
based on applicable existing data such as geologic maps, aerial photography, published 
literature, and existing subsurface data. The model shall be refined using field reconnaissance, 
remote sensing, and mapping methods. The geologic model shall be used to prepare a surface 
geologic map and a corresponding subsurface profile along the CHSTP alignment. The map and 
profile shall be accompanied by cross sections perpendicular to the alignment where needed to 
reveal the three-dimensional configuration of the subsurface conditions. Maps, profiles, and 
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cross sections shall also depict the reiated design eiements (structures, embankments, cuts, etc.) 
of the CHSTP. The geoiogic modei shaii serve as a fundamentai tooi to deveiop the subsurface 
expioration pian for the CHSTP, and shaii be updated as project-specific information is obtained. 
Subsurface conditions shaii be presented in pian and profiie and aiso accompanied by cross 
sections perpendicuiar to the aiignment where needed to fuiiy depict the three-dimensionai 
configuration of these units. Subsurface iogs, in-situ test resuits, and iaboratory testing shaii be 
used for further refinement of units and groundwater conditions having unique engineering 
properties as they reiate to geotechnicai anaiyses. 

The geotechnicai staff shouid reaiize that, whiie there may be potentiai iimitations in the use of 
historicai borings, it is necessary to review these borings reiative to the CHSTP design eiement 
under consideration. As an exampie, a historicai boring may indicate a thick iayer of very soft day 
as evidenced by the description weight of rod/weight of hammer in the standard penetration test 
(SPT) recording box of the iog at a iarge number of test depths. Whiie shear strength and 
consoiidation properties cannot be reiiabiy estimated based on SPT biow count vaiues, the 
historicai boring may provide usefui information concerning the depth to a firm stratum. Aiso, it is 
iikeiy that different driii rigs with different operators and different energy efficiencies were used in 
the coiiection of SPT data on historicai boring iogs. This factor must aiso be recognized when an 
attempt is made to correiate engineering properties to SPT biow count vaiues. 

Uncertainties in the deveiopment of a subsurface expioration usuaiiy indicate the need for 
additionai expiorations or testing. Because of the diverse nature of the geoiogic processes that 
contribute to soii formation, actuai subsurface profiies can be extremeiy varied both verticaiiy and 
horizontaiiy and can differ significantiy from interpreted profiies deveioped from boring iogs. 
Therefore, subsurface profiies deveioped from boring iogs shouid contain some indication that the 
deiineation between strata does not necessariiy suggest that distinct boundaries exist between the 
strata or that the interpoiations of strata thickness between borings are necessariiy correct. The 
main purpose of subsurface profiies is to provide a starting point for design and not necessariiy to 
present an accurate description of subsurface conditions. 

3.2.2.3 Geotechnical Model 

The geotechnicai engineer shaii deveiop a geotechnicai modei based on the geoiogic modei and 
subsurface information coiiected for the CHSTP. As fieid and iaboratory test data become 
avaiiabie, engineering properties for each of the unique units shaii be deveioped and portrayed 
on the geotechnicai modei (map, profiie, and cross sections). These engineering properties must 
effectiveiy document and support aii geotechnicai anaiyses and designs for the CHSTP. 

The geotechnicai modei shaii represent the geoiogist and geotechnicai engineer’s interpretation 
of aii avaiiabie subsurface data and shaii inciude (at a minimum) the foiiowing: 

• Interpreted boundaries of soii and rock 

• Average physicai properties of the soii iayers (unit weight, shear strength, etc.) 

• Visuai description of each iayer inciuding United States Ciassification System (USCS) 
symbois for soii ciassification 

• Location of the ground water (see next section) 

• Notations for speciai items (bouiders, artesian pressure, known buried infrastructure, etc.) 

Compiementary tabies shaii be deveioped to accompany the geotechnicai modei (map, profiie, 
and cross sections) in order to reduce visuai ciutter and aid the user. As described in TM 2.9.1, 
Geotechnicai Investigation Guideiines, CHSTP wiii make use of eiectronic records for borings, 
cone penetration tests (CPTs), etc. An appropriateiy deveioped database and geographic 
information system (GIS) shaii be used to great advantage for data management, anaiyses (in 
support of engineering design), and construction. In addition to the previousiy mentioned 
advantages of having eiectronic data records compiiment paper iogs, it is possibie to: 

• Cataiog borings that were conducted previousiy 

• Inventory data regarding specific probiematic formations aiong the HST corridor 

• Deveiop cross-sections that depict subsurface conditions aiong the CHSTP segments or 
within a region 



Page 9 





California High-Speed Train Project 


Geotechnical Analysis and Design Guidelines, R1 


3.2.2.4 Groundwater Conditions 

The geologist and geotechnical engineer shaii evaiuate groundwater conditions and estabiish 
water ieveis/eievations for use in faciiity design and construction pianning. Guidance pertaining to 
coiiecting and interpreting hydrogeoiogic fieid data is contained in TM 2.9.1. Important factors that 
shaii be considered in groundwater characterization inciude: 

• Historicaiiy high groundwater ieveis 

• Hydrostatic or fiowing groundwater conditions 

• Whether aquifers are confined or unconfined 

• The upper and iower iimits and siope of the aquifer 

• Aquifer characteristics (soii type and permeabiiity, rock discontinuities) 

• Presence (and infiuence) of perched groundwater tabie conditions 

• Potentiai for raised or iowered groundwater ievei during project design iife 

• Potentiai for groundwater ievei rise resuiting from anticipated rise of sea ievei due to 
ciimate change 

• Possibiiity for artesian conditions 

Due to the variabiiity in aquifer storage characteristics and response to rainfaii, the groundwater 
conditions to be used for anaiysis and geotechnicai design shaii be based on water ieveis 
measured in the fieid, coupied with hydrograph information describing historic water ievei trends. 
For sites where there is no groundwater data avaiiabie, the “wetting band” approach (FHWA, 
2005) for zone of 100 percent saturation shouid be used to provide an estimate of reasonabie 
groundwater ievei. 

Groundwater conditions are especiaiiy reievant for siope design. The water ievei of a specified 
return period shaii be evaiuated using one of the foiiowing approaches: 

1. Anaiyze piezometric data taken before, during, and after rainfaii. Various methods are 
avaiiabie for estimating water ieveis from piezometric records, inciuding the statisticai 
correiation of groundwater response with rainfaii, groundwater modeiing of the aquifer 
system, and the extrapoiation of observed piezometric responses. 

2. Soive the equation describing the formation of a wetting band zone of 100 percent 
saturation (FHWA, 2005). The geoiogist and geotechnicai engineer shaii consider aii 
reievant hydrogeoiogic aspects for the siope stabiiity anaiyses, especiaiiy: 

• The highest anticipated phreatic (groundwater) surface for an unconfined aquifer 
and/or piezometric surface for a confined aquifer 

• The height of the groundwater at the time of faiiure (for an existing faiiure) 

• The proximity of the aquifer to the existing or potentiai faiiure surface 

• The presence and infiuence of seepage, pore pressure conditions, tension 
cracks, runoff, and surface drainage patterns 

For purposes of deveioping additionai criteria for use in design and construction of CHSTP 
faciiities, further reference information regarding assessment (and infiuence) of groundwater 
conditions and geotechnicai and hydrogeoiogic considerations is contained in the reference 
documents iisted in TM 2.9.1 (and FHWA siope manuai 2005). This inciudes assessment of 
hydrostatic pressure, positive or negative pore water pressure, fiow and seepage, totai stress and 
effective stress, hydrauiic gradient and piping, soii permeabiiity, and impact of sudden drawdown 
(rapid iowering in the ievei of groundwater). 

3.2.3 Soil and Rock Properties and Parameters 

3.2.3.1 Ground Engineering - Properties and Parameters 

For structures built on, in, or with earthen materiais of soii and rocks, the geotechnicai engineer 
needs to know the engineering properties of these materiais, in the same way as the designer 
acquires properties for other man-made materiais such as steei and concrete. Due to their non- 
uniform nature, soiis and rocks exhibit more compiicated engineering properties as compared to 
that of steei and concrete. The two most important engineering properties are strength and 
deformation characteristics. 



Page 10 






California High-Speed Train Project 


Geotechnical Analysis and Design Guidelines, R1 


The detailed measurement and interpretation of soii and rock properties shaii be consistent with 
the guideiines provided in FHWA-IF-02-034, Evaiuation of Soii and Rock Properties, Geotechnicai 
Engineering Circuiar No. 5 (GEC5) (FHWA, 2002), except as specificaiiy indicated herein. The 
process for soii and rock property seiection is iiiustrated graphicaiiy in fiow-chart format in Figure 
No. 1 of GEC5, Chapter 2. The GEC5 reference document aiso provides a summary of 
geotechnicai data needs and testing considerations for various geotechnicai appiications. 
Additionai information is presented in Section No. 10 (Foundations) of AASHTO LRFD Bridge 
Design Specifications, 4th Edition, 2007. The properties resuiting from LRFD-based evaiuations 
shaii be consistent with those obtained with generai geotechnicai practice and shaii not be overiy 
conservative or unconservative. 

Regarding SPTs, the biow-count N-vaiues obtained are dependent on the equipment used and the 
skiii of the operator and shaii be corrected for fieid procedures to standard Neo vaiues (an 
efficiency of 60 [%] percent is typicai for traditionai rope and cathead systems). This biow-count 
correction is necessary because many of the correiations deveioped to evaiuate soii properties are 
based on Neo-vaiues. In addition, biow-count corrections shaii be performed for evaiuation of 
iiquefaction triggering. Requirements for these additionai corrections are presented in Section 
6.10.8 of this TM. 

Laboratory testing of soiis is grouped broadiy into two generai ciasses, inciuding ciassification 
tests and performance (quantitative) tests for estimation of shear strength, compressibiiity, 
permeabiiity, etc. Laboratory index property testing is mainiy used to ciassify soiis, though in 
some cases, they aiso can be used with correiations to estimate specific soii design properties. 
Ciassification (index type) tests inciude soii gradation and piasticity indices, and may be performed 
on either disturbed or undisturbed sampies. Performance-type tests to evaiuate strength, 
compressibiiity, permeabiiity, etc., of existing subsurface deposits must be conducted on 
undisturbed specimens and the iess disturbance the better. See GEC5 for additionai requirements 
regarding these and other types of iaboratory performance tests that shouid be foiiowed. 

For soii, shear strength may be evaiuated based on either undisturbed specimens of finer-grained 
soii (undisturbed specimens of granuiar soiis are very difficuit, if not impossibie, to get), or 
disturbed or remoided specimens of fine- or coarse-grained soii. There are a variety of shear 
strength tests that can be conducted, and the specific type of test seiected depends on the specific 
appiication. See GEC5 for specific guidance on the types of shear strength tests needed for 
various appiications, as weii as the sections in this CHSTP TM that cover specific geotechnicai 
design topics. 

For rock, the focus is typicaiiy on the shear strength of the intact rock, or on the shear strength of 
discontinuities (i.e., joint/seam) within the rock mass. Rock sampies smaii enough to be tested in 
the iaboratory are usuaiiy not representative of the entire rock mass. Laboratory testing of rock is 
used primariiy for ciassification of intact rock sampies and, if performed properiy, serves a usefui 
function in this regard. 

With regard to the quaiity of soii and rock iaboratory data, if based on review of the data the 
interpreted iaboratory test resuits are not consistent with expectations, or if resuits indicate that the 
sampie was disturbed, it wiii be necessary to make adjustments. Laboratory resuits at the eariy 
stage (preiiminary design phase) of CHSTP can be used to pian and initiate a more detaiied and 
focused phase of investigation for use during finai design. A phased investigation approach is 
particuiariy heipfui in cases where there are many unknowns regarding the subsurface conditions 
prior to conducting the proposed site investigation program. 

Correiations for soii properties as provided in GEC5 may be used if the correiation is weii 
estabiished and if the accuracy of the correiation is considered regarding its infiuence if the 
estimate obtained from the correiation in the seiection of the property vaiue is used for design. 
Additionai guideiines that shaii be considered for correiations are presented in Manuai on 
Estimating Soii Properties for Foundation Design by Eiectric Power Research Institute (EPRI) 
Report EL-6800, (EPRI, 1990). Local geologic formation-specific correlations may also be used if 
well established by data comparing the prediction from the correlation to measured high quality 
laboratory performance data, or back analysis from full-scale performance of geotechnical 
elements affected by the geologic formation in question. Correlations shall not be used as a 
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substitute for an adequate subsurface investigation program, but rather to compiement and verify 
specific project-reiated information. 

3.2.4 Rock Properties 

With regard to the engineering properties of rock, geotechnicai evaiuations for design shaii 
consider that these properties are generaiiy controiied by the discontinuities within the rock mass 
and not the properties of the intact materiai. Therefore, engineering properties for rock shaii 
account for the properties of the intact pieces and for the properties of the rock mass as a whoie, 
specificaiiy considering the discontinuities within the rock mass. A combination of iaboratory 
testing of smaii sampies, empiricai anaiysis, and fieid observations shaii be empioyed to evaiuate 
the engineering properties of rock masses, with greater emphasis piaced on visuai observations 
and quantitative descriptions of the rock mass. 

Rock properties are divided into two categories: intact rock properties and rock mass properties. 
Intact rock properties are evaiuated from iaboratory tests on smaii sampies typicaiiy obtained from 
coring, outcrops, or exposures aiong existing cuts. Engineering properties typicaiiy obtained from 
iaboratory tests inciude specific gravity, unit weight, uitrasonic veiocity, compressive strength, 
tensiie strength, and shear strength. Rock mass properties are evaiuated by visuai examination of 
discontinuities within the rock mass and how these discontinuities wiii affect the behavior of the 
rock mass when subjected to the proposed construction. 

The methodoiogy and reiated considerations provided by GEC5 shaii be used to assess the 
design properties for the intact rock and the rock mass as a whoie. However, the portion of GEC5 
that addresses the evaiuation of fractured rock mass shear strength parameters (Hoek and Brown, 
1988) is outdated. The originai work by Hoek and Brown has been updated and is described in 
Hoek, et ai. (2002). Therefore the Hoek, et ai. (2002) method shaii be used for fractured rock 
mass shear strength evaiuation. This method is oniy to be used for highiy fractured rock masses 
in which the stabiiity of the rock siope is not controiied by reguiar, systematic discontinuities in the 
rock mass. 

3.2.4.1 Geotechnical Engineering Parameters 

The geotechnicai engineer shaii evaiuate the vaiidity and reiiabiiity of the data and its usefuiness in 
seiecting finai design parameters. After a review of data reiiabiiity, a review of the variabiiity of the 
seiected parameters shaii be carried out. Variabiiity is typicaiiy introduced in two ways: (1) naturai 
heterogeneity within the unit, and (2) test method seiection or execution. 

Inconsistencies in data shaii be evaiuated, and the need for mitigation procedures may be 
warranted to correct or exciude any questionabie data. The geotechnicai engineer shaii compiy 
with GEC5, which provides guidance for anaiyzing data and resoiving inconsistencies. The 
geotechnicai engineer shaii aiso use GEC5 to assess variabiiity for a given engineering property in 
a particuiar geoiogic unit and how that variabiiity infiuences the seiection of the finai design vaiues. 

Deveiopment of the geotechnicai modei outiined in Section 3.2.2.3 of this TM shaii inciude an 
estimate of the scatter surrounding average physicai properties of soii and rock units. The 
geotechnicai engineer shaii provide upper and iower reasonabie estimates of key engineering 
properties to describe the uncertainty associated with estimates of the median properties. The 
upper and iower reasonabie estimates are not upper and iower bounds, but instead represent 
approximateiy 84th and 16th percentiie vaiues, respectiveiy. 

Evaiuations of geotechnicai engineering parameters shaii consider how the parameters couid 
change over the design iife of the structure. Changes may occur as a resuit of weathering, 
groundwater ievei changes, increase in stress due to fiii or foundation ioads, decrease in stress 
due to excavation, or other factors. 

Geotechnicai evaiuations for design shaii keep in mind that resistance factors have been 
deveioped assuming statisticai mean vaiues for soii properties. However, design vaiues that are 
more conservative than the mean may stiii be appropriate, especiaiiy if there is an unusuaiiy high 
ievei of uncertainty associated with the design property. Since strict appiication of statistics may 
not provide an appropriate approach for deveioping best estimates of geotechnicai properties, then 
engineering judgment shaii aiso be appiied. Depending on the avaiiabiiity and variabiiity of ground 
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conditions, it may not be possibie to reiiabiy estimate an average vaiue for design. In this case, 
the geotechnicai engineer shaii seiect a more conservative vaiue consistent with engineering 
judgment. For those resistance factors that were evaiuated based on caiibration by fitting to 
aiiowabie stress design, property seiection shaii be based on the considerations discussed 
previousiy. 

3.3 Aerial Trackway Structures and Bridge Foundations 

3.3.1 Design Process 

This section describes geotechnicai engineering and design requirements for aeriai structure and 
bridge foundations. The foiiowing sections discuss data required for foundation design, foundation 
type seiection, ioading evaiuations, toierabie settiements and dispiacements, iimit states to 
consider, ioad and resistance factors, and anaiysis procedures for foundations and abutments. 

3.3.2 Data Requirement for Foundation Design 

Geotechnicai, geoiogic, and seismic hazard data shaii characterize the subsurface geoiogic and 
geotechnicai conditions adequateiy so that foundation anaiysis, design, and constructabiiity can be 
evaiuated. Guidelines on geoiogic and geotechnicai site characterization are provided in Section 

6.2 of this TM. 

Structure type and ioads shaii be in accordance with TM 2.3.2, Structure Design Loads. 

3.3.3 Foundation Design and Construction Considerations 

The design shaii indicate the proposed structure type and function and the proposed iocations of 
foundation eiements, inciuding foundation ioads. Structure type and ioads shaii compiy with TM 
2.3.2. Speciai performance requirements, such as unique or unusuai dispiacement iimitations, 
shaii be considered in the design. 

Construction iimitations that couid affect foundation design shaii be identified. These inciude iocai 
avaiiabiiity of equipment, equipment access iimitations, staging restrictions, right-of-way 
restrictions, permit requirements, proximity to sensitive structures, and proximity to sensitive 
utiiities. 

3.3.4 Foundation Type Selection 

Foundation seiection shaii consider the foiiowing: 

• The abiiity of the foundation type to meet performance requirements (e.g., deformation, 
bearing resistance, upiift resistance, iaterai resistance/deformation) for aii iimit states, given 
the soii or rock conditions encountered 

• Consideration of fiooding and scour, where appiicabie 

• Consideration of frost depth, where appiicabie 

• The constructabiiity of the foundation type 

• The impact of the foundation instaiiation (in terms of time and space required) on existing 
faciiities and rights-of-way 

• The environmentai impact of the foundation construction 

• Physicai constraints that may impact the foundation instaiiation (e.g., overhead ciearance, 
access, and utiiities) 

• The impact of the foundation on the performance of adjacent foundations, structures, or 
utiiities, considering both the design of the adjacent foundations, structures, or utiiities and 
the performance impact the instaiiation of the new foundation wiii have on these adjacent 
faciiities; and the cost of the foundation, considering aii of the issues iisted above 

• Cost and scheduie 

Shaiiow foundations shaii be used for foundation support where competent soii or rock is present 
within reiativeiy shaiiow depths. Shaiiow foundations may consist of spread footings or mat 
foundations. Shaiiow foundations may aiso be appropriate where ground improvement is 
performed to poor soiis to improve their strength and stiffness characteristics, provided that 
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performance requirements are met. Shallow foundations are typicaiiy not appropriate for soiis that 
are soft, ioose, expansive, prone to hydro-coiiapse, iiquefiabie, or prone to excessive scour. 

Where shaiiow foundations are not feasibie (i.e., they cannot meet the required bearing capacity or 
settiement criteria) or cost effective, deep foundations shaii be used. Two generai types of deep 
foundations are typicaiiy considered: piie foundations and driiied shaft (or cast-in-driiied-hoie, 
CIDH) foundations. Shaft foundations can be advantageous where piie driving may be preciuded 
by the presence of obstructions such as dense iayers, bouiders, or fiii with debris. Shafts may aiso 
become cost effective where a singie shaft per coiumn can be used in iieu of a piie group with a 
piie cap, especiaiiy when a cofferdam or shoring is required to construct the piie cap. Shafts may 
not be desirabie where contaminated soiis are present, because of the associated handiing and 
disposai requirements. Shafts shaii be considered in iieu of piies where piie driving vibrations 
couid cause damage, unacceptabie disturbance, or disruption to existing adjacent faciiities. Piies 
may be more cost effective than shafts where piie-cap construction is reiativeiy easy, or where the 
pier ioads are such that muitipie shafts per coiumn, requiring a shaft cap, are needed. The 
stabiiity of soiis during shaft construction and the need for casing shaii aiso be considered when 
choosing between driven piies and driiied shafts. Where iarger bridge spans and higher foundation 
ioads are required, caissons, barrette, or diaphragm waii foundations may be considered. 

Scour - The seiection of foundation types and design of foundations shaii consider the effects of 
scour on the capacity requirements and size (dimensions, embedment, and iength) of foundations. 
The capacity of deep foundations shaii be evaiuated for the soii iayers beneath the scourabie soiis. 
The depth of scour for design purposes shaii be evaiuated by anaiysis methods per TM 2.6.5, 
Hydrauiics and Hydroiogy Design Guideiines. 

3.3.5 LRFD Overview for Foundations 

The CHSTP utiiizes the ioad and resistance factor design (LRFD) method, which is based on 
statisticai reiiabiiity. In the LRFD methodoiogy, ioads and resistances (that is, a capacity to resist 
ioad such as foundation bearing capacity) are factored (weighted) in order to achieve a desired 
ievel of reiiabiiity. In this case, reiiabiiity can be defined as a probabiiity of a ioad not exceeding 
the capacity for the entire design iife of the foundation. 

The basic equation for LRFD states that the ioads muitipiied by factors to account for uncertainty, 
ductiiity, importance, and redundancy must be iess than or equai to the avaiiabie resistance 
muitipiied by factors to account for variabiiity and uncertainty in the resistance per the AASHTO 
LRFD Bridge Design Specifications. Foundations must be designed to satisfy the LRFD iimit state 
equation: 

I Hi Yi Qi ^ ORn = Rr 
Where: 


Yi = ioad factor appiied to force effects 

0 = resistance factor appiied to minimai resistance 

Hi = ioad modifier reiating to ductiiity, redundancy and importance (>1.05) 

Qi = force effect 

Rn = nominai resistance 

Rr = factored resistance, O Rn 

Except where noted herein, foundation design shaii be performed in accordance with the AASHTO 
LRFD Bridge Design Specifications with Caiifornia (Caitrans) Amendments, Customary U.S. Units, 
iatest edition, as adapted and modified by this and other Technicai Memoranda. It should be 
noted that Caitrans Amendments require that abutment foundations be designed using Service 1 
limit state and working stress design (WSD) per Caitrans 2000 Bridge Design Specifications dated 
November 2003. 

Three general limit states are considered for foundation design in the AASHTO LRFD 
methodology: 

1. Strength Limit State - Evaluation of strength under various loading conditions 
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2. Extreme Event Limit State - Evaluation of strength and performance under extreme loading 
conditions resuiting from rare events such as earthquakes, coiiision, and extreme storms 

3. Service Limit State - Evaiuation of performance (i.e., settiements and dispiacements) under 
normai service ioads 

3.3.6 LRFD Loads, Load Groups, and Limit States 

LRFD ioads, ioad groups, and iimit states for aeriai viaduct and bridge structure design are defined 
in TM 2.3.2. Earth ioads are iisted beiow and shaii be caicuiated by the geotechnicai engineer in 
accordance with Section 3.11 of AASHTO LRFD. 


Tabie 3.3.6-1 Summary of Earth Loads 


CHSTP Load 
Abbreviation 

AASHTO LRFD 
Load Abbreviation 
and (Section) 

Load Type Description 

EV 

EV (3.5.1) 

Verticai earth pressure from dead ioad of fiii 

EHAR 

EH (3.11.5.2) 

Horizontai earth pressure ioad for at-rest condition 

EHAC 

EH (3.11.5.3) 

Horizontai earth pressure ioad for active condition 

ESET 

DD (3.11.8) 

Earth settiement effects 

EHS 

ES (3.11.6.2 and 
3.11.6.3) 

Earth surcharge due to iive ioads 


Notes: Service, strength, buoyancy, and extreme event iimit states used for design of foundation for aeriai 
viaduct and bridge structures shaii be as defined in TM 2.3.2. 


At a minimum, foundation shaii be designed and proportioned for the foiiowing iimit states and 
mechanisms: 

Service Limit State: 

• Settiement 

• Laterai defiection 

• Overaii stabiiity (inciuding siope stabiiity) 

• Scour at the design fiood 

Strength Limit State: 

Spread footings and mats 
o Nominai bearing resistance 
o Overturning or excess ioss of contact 
o Siiding at the base of the footing 
o Constructabiiity 

Driven Piies: 

o Axiai compression resistance for singie piies 
o Piie group compression resistance 
o Upiift resistance for singie piies 
o Upiift resistance of piie groups 

o Piie punching faiiure into a weaker stratum beiow the bearing stratum (where appiicabie) 
o Singie-piie and piie-group iaterai resistance 
o Constructabiiity (inciuding piie drivabiiity) 

Driiied Shafts: 

o Axiai compression resistance for singie driiied shafts 
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o Shaft group compression resistance 
o Upiift resistance for singie shafts 
o Upiift resistance of shaft groups 
o Singie-shaft and shaft-group iaterai resistance 

o Shaft punching faiiure into a weaker stratum beiow the bearing stratum (where 
appiicabie) 

o Construabiiity (inciuding methods of shaft construction) 

Micropiies: 

o Axiai compression resistance for singie micropiie 
o Micropiie group compression resistance 
o Upiift resistance for singie micropiies 
o Upiift resistance of micropiie groups 

o Micropiie group punching faiiure into a weaker stratum beiow the bearing stratum, and 
singie micropiie punching faiiure where tip resistance is considered 
o Singie and group micropiie iaterai resistance 
o Constructabiiity (inciuding methods of micropiie construction) 

Extreme Event Limit State: 

For the extreme event iimit state, foundations shaii be designed for the cases indicated above 
for strength iimits state anaiyses (as appiicabie) but with appropriate extreme event ioad and 
resistance factors. In addition, where appiicabie, foundations shaii be designed to withstand 
earth ioading due to iaterai spreading or seismicaiiy induced siope dispiacements. Refer to 
Section 6.10 of this TM for further requirements, inciuding assessment of earth ioading due to 
iaterai spreading or seismicaiiy induced siope dispiacements. 

3.3.7 Allowable Foundation Settlement and Displacements 

Requirements for toierabie foundation settiements and dispiacements presented herein shaii 
supersede criteria indicated in AASHTO LRFD Bridge Design Specifications and the Caiifornia 
Amendments. For deep foundations, aiiowabie settiements or dispiacements are measured at 
the top of the foundation: the piie cap, piie head, or the ground surface for driiied-shaft pier 
extensions. For structure foundations, settiements caicuiated from the Service 1 ioad 
combination pius any settiements resuiting from the OBE ioad combination (such as those 
resuiting from post-iiquefaction downdrag, seismic compaction, etc.) shaii not exceed the 
settiement iimits denoted in Tabie 3.3.7-1. For approach embankments, the Service 1 settiement 
iimits are appiicabie to settiements that occur after the piacement of track. 

Further performance requirements for aiiowabie deformations are prescribed in the TM 2.10.10, 
Track-Structure Interaction. 

Table 3.3.7-1 Settlement Limits" for Service 1 and OBE Load Cases 


Settlement Criteria 

Non-Ballasted Track 

Ballasted Track 

Differentiai settiement between adjacent 
supports ^ 

<= L/1500 and 3/4”, 
where L = smaiier span 

N/A^ 

Differentiai settiement between the 
abutment and approach embankment ^ 

<= 3/8” over 62 feet 

<= 3/4" over 62 feet 

Differentiai settiement between the 
abutment and tunnei portai 

<= 3/8” over 62 feet 

N/A® 

Uniform settiement at piers and 
abutments 

CO 

II 

V 

N/A^ 


Notes: 

1. The additionai forces imposed on the structurai system by differentiai settiements shaii be 


caicuiated and considered as part of dead ioad in the design. 
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2. Prior to placement of tracks, the approach embankment shall be instrumented and monitored 
for a period of at ieast 6 to 12 months to ensure the embankment is in compiiance with the 
settiement requirements set forth in the tabie above. 

3. Not appiicabie based on the assumption that baiiasted track wiii not be used for bridges, 
aeriai structures, or tunneis. 

4. The settiements are caicuiated from the Service 1 ioad combination pius any settiements 
resuiting from the operating basis earthquake (OBE) ioad combination (such as those 
resuiting from post-iiquefaction downdrag, seismic compaction, etc.). 

No specific settiement or dispiacement iimits are required for the extreme event maximum 
considered earthquake (MCE) ioading case, oniy that the structure shaii not coiiapse. For deep 
foundations, the maximum reiative horizontai dispiacement between the bottom (i.e., toe of piie) 
and top (i.e., piie cap) of the foundation resuiting from OBE ioading shaii not be more than 1.75 
inches. 

The settiements and dispiacements noted in the tabie above are considered minimum 
performance criteria. Designers may eiect to use more stringent criteria. The structurai design 
may require that foundations be designed to more stringent criteria for certain structures 
depending on specific performance requirements. 

3.3.8 Resistance Factors for Foundation Design 

Resistance factors for foundation design shaii be consistent with those defined in the most current 
version of the AASHTO LRFD Bridge Design Specifications with Caiifornia Amendments, Section 
10.5. 

3.3.9 Shaiiow Foundations 

Geotechnicai engineering anaiyses as weii as structurai designs for spread footing foundations 
shaii be performed in accordance with AASHTO LRFD Bridge Design Specifications with 
Caiifornia Amendments, Section 10.6. 

3.3.10 Driven Piies and Driiied Shafts 

Geotechnicai engineering anaiyses as weii as structurai designs for driven piies and driiied shafts 
(deep foundations) shaii be in accordance with AASHTO LRFD Bridge Design Specifications with 
Caiifornia Amendments, Sections 10.7, 10.8, and 10.9. 

3.3.11 Proprietary Foundation Systems 

Proprietary foundation systems typicaiiy require speciaiized anaiysis and design techniques that 
are not expiicitiy covered by the AASHTO LRFD Bridge Design Specifications with Caiifornia 
Amendments. Exampies of such systems inciude shaiiow or deep foundations bearing upon 
improved ground, screw-in heiicai foundation eiements, or other systems. Proprietary foundation 
systems shaii be permitted oniy if aii of the foiiowing conditions are met: 

• Estabiished anaiyticai methodoiogies with 7bases in wideiy accepted geotechnicai 
iiterature are avaiiabie to evaiuate aii reievant resistances and iimit states. 

• Resistance factors have been deveioped based on substantiai statisticai data combined 
with caiibration, or substantiai successfui experience justifying the vaiues can be 
demonstrated. Where resistance factors are deveioped through statisticai anaiysis, they 
shaii be based on reiiabiiity indices (P) and associated probabiiities of faiiure indicated in 
Section Cl 0.5.5.2.1 of AASHTO LRFD Bridge Design Specifications. Additionai 
background on resistant factor deveiopment for geotechnicai appiications can be found in 
Paikowsky et ai. (2004) and Aiien (2005). 

• Prior to use of the proprietary foundation system in design for the CHSTP, the anaiyticai 
methodoiogies and resistance factors noted above must be presented to and approved 
by the Authority or its agent. 
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3.3.12 Abutments and Abutment Foundations 

Bridge abutments have components of both foundation design and retaining waii design. It shouid 
be noted that Caitrans Amendments require that abutment foundations be designed using 
Service 1 iimit state and Working Stress Design (WSD) per Caitrans 2000 Bridge Design 
Specifications dated November 2003. The retaining waii aspects of abutments shaii be designed 
in accordance with Section 6.7 of this TM, and AASHTO LRFD Bridge Design Specifications with 
Caiifornia Amendments, Sections 10 and 11. 

3.3.13 Seismic Anaiysis and Design for Foundations and Abutments 

Foundations and abutments shaii be designed for the Extreme Event I seismic case. Seismic 
design procedures for foundations and abutments are addressed in Section 6.10 of this TM. 

3.4 Foundations for Buildings and other At-Grade Structures 

This section describes the methods that shaii be appiied in foundation anaiysis and design of 
buiidings, and other at-grade structures such as signais, signs, and noise barriers. 

3.4.1 Buildings 

Foundations and retaining waiis for buiidings shaii be designed in accordance with the provisions 
of the 2010 CBC, Caiifornia Code of Reguiations, Titie 24, Part 2, Caiifornia Buiiding Standards 
Commission (2010 CBC), and TM 2.5.1, Structurai Design of Surface Faciiities and Buiidings. In 
absence of site-specific data, presumptive vaiues provided in Chapter 18 of the 2010 CBC for 
aiiowabie foundation bearing pressure, iaterai earth pressures, and siiding coefficients shaii be 
used. Seismic issues reiated to foundation design such as seismic earth pressures, downdrag 
and iaterai spread due to iiquefaction shaii conform to the iimits provided in Tabie 3.3.7-1. 

3.4.2 Noise Barriers 

Foundation design for noise barrier shaii be conducted in accordance with Caitrans Memo To 
Designers 22-1, Soundwaii Design Criteria. Seismic issues reiated to foundation design such as 
downdrag and iaterai spread due to iiquefaction shaii be addressed per Section 6.10. 

3.4.3 Signs and Signals 

Cantiiever signs and signais shaii be supported on driiied shaft foundations. Design for cantiiever 
signais and cantiiever signs shaii be performed in accordance with the AASHTO Standard 
Specifications for Structurai Supports for Highway Signs, Luminaires, and Traffic Signais 
(AASHTO, 2001). The foundation design wiii require uitimate and aiiowabie downward and upiift 
capacities. In addition, iaterai capacities of shafts shaii be provided. Seismic issues reiated to 
foundation design such as downdrag and iaterai spread due to iiquefaction shaii be addressed 
per Section 3.10. 

3.5 Tunnels and Other Underground Structures 

This section describes the methods that shaii be appiied in geotechnicai and geoiogicai anaiysis 
for design of tunneis and other underground structures. Tunneis and other underground 
structures inciude bored tunneis (i.e., in rock and/or soft ground), mined tunneis, underground 
chambers, cut-and-cover tunneis, portais, shafts, and tunnei crossovers. U-shaped structures 
are addressed in Section 6.7 of this TM. 

3.5.1 Guideline Resource Materials 

Pubiished resource information is cited in Section 5 of TM 2.9.1. Key resource materiais 
providing guidance usefui for tunnei design and construction issues inciude: 

• AASHTO, Manuai on Subsurface Investigations, MSI-1, 1988 

• CaiOSHA, Caiifornia Code of Reguiations (CCR), Titie 8, Chapter 4, Subchapter 20, 
Tunnei Safety Orders 

• FHWA Technicai Manuai for Design and Construction of Road Tunneis - Civii Eiements, 
FHWA-NHI-10-034, Dec. 2009 

• United States Army Corps of Engineers, Engineering and Design, Tunneis and Shafts in 
Rock, Manuai No. 1110-2-2901, 1997 
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3.5.2 Site Investigation 

Site investigations shaii be planned and conducted in sufficient detaii to evaiuate the subsurface 
conditions of the rock and/or soii medium, and groundwater regime within which tunneis and/or 
underground structures wiii be constructed. Site investigations shaii be pianned and executed in 
accordance with TM 2.9.1 and Chapter 3, FHWA-NHI-10-034 - Technicai Manuai for Design and 
Construction of Road Tunneis-Civii Eiements (FHWA 2009). The site investigations shaii be 
sufficient in scope to expiore and characterize the site conditions at the specific iocation and 
eievation of the proposed underground excavation. 

Subsurface investigation for underground excavations wiii not oniy evaiuate the generai 
subsurface conditions but shaii specificaiiy target subsurface conditions that may affect design 
assumptions, finai designs, or construction methods. Such conditions may inciude but not be 
iimited to geoiogic hazards, and tunnei/underground design and construction issues such as fauit 
zones, soft ground, iandsiides, rock faiis, ground settiement, iiquefaction effects, groundwater 
fiow, groundwater head, thermai water, high in-situ stress, raveiing ground, running ground, 
fiowing ground, abrasive ground, bouiders in soft ground, sheared ground, gassy ground (e.g., 
methane), contaminated ground and water, etc. Sufficient data shaii be deveioped to 
characterize the geotechnicai design and construction issues sufficientiy for anaiysis and 
appropriate mitigation. Such data shaii be presented in the Geotechnicai Data Report (GDR) and 
the Geotechnicai Baseiine Report (GBR) for aii CAHST tunnei segments as outiined in TM 2.9.2 
and FHWA (2009) Chapters 4.2 and 4.4. 

3.5.2.1 Geologic Mapping 

Geoiogic mapping shaii be carried out in accordance with TM 2.9.1 for documenting surficiai soii 
and rock units and measurements of rock discontinuities. Geoiogic data are necessary for 
pianning fieid expioration programs, but aiso for anticipating and confirming subsurface structurai 
geoiogy. As part of the structurai data mapping, the measurements of rock discontinuities shaii 
focus on coiiecting data aiong tunnei aiignments and at portai and shaft iocations. The data shaii 
be coiiected under the guideiines set forth in Chapter 3.4 of FHWA (2009) and TM 2.9.1. The 
acquired data shaii be anaiyzed to identify common trends in discontinuities using accepted 
statisticai methods of anaiysis as summarized in Section 6.5.6 of this TM. The resuiting data 
shaii be used for anaiysis of geometric orientation to the proposed underground excavations for 
use in design and construction pianning. 

3.5.2.2 Subsurface Investigations 

Geotechnicai fieid investigations shaii inciude subsurface investigations to deveiop three- 
dimensionai geoiogicai modeis (refer to Section 6.2.5.1 of this TM) inciuding hydrogeoiogicai and 
geotechnicai (refer to Section 6.2.5.2 of this TM) features, for use in evaiuating ground conditions 
for evaiuating constructabiiity, for design of tunneis and other underground structures, for interim 
and finai ground support systems, and for deveioping groundwater controi systems. 
Geotechnicai investigations shaii be conducted in accordance with TM 2.9.1 and FHWA (2009). 
Groundwater and hydrogeoiogy investigations shaii be compieted in accordance with Chapter 
3.5.6 of FHWA (2009) and guideiines for in-situ testing in TM 2.9.1. 

Inciined borings and horizontai borings shaii be used for tunneis and portai sites to economize on 
driiiing footage when conventionai verticai borings cannot provide the quaiity of geotechnicai 
information for deveioping the geoiogicai and geotechnicai modeis of underground conditions 
(refer to Chapter 3.5.2 of FHWA 2009). 

Where appropriate, the geotechnicai investigations shaii use in-situ testing methods for 
evaiuating soii and rock properties. Soii testing shaii inciude CRTs, pressuremeter tests, fiat- 
piate diiatometer tests, and fieid vane shear tests and shaii be conducted in accordance with TM 
2.9.1 and Chapter 3 of FHWA (2009). In-situ rock testing shaii inciude hydrauiic fracturing and 
overcoring to measure the in-situ stress ratio, where high in-situ stresses are suspected reiative 
to that predicted by eiastic theory (refer to Chapter 3 of FHWA [2009]). 

In-situ geophysicai testing shaii be appiied in the subsurface to evaiuate depth to bedrock, 
rippabiiity of rock, geoiogic structures and orientations, and recognition and correiations of 
iithoiogic and stratigraphic units in accordance with TM 2.9.1 and Chapter 3 of FHWA (2009). 
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3.5.2.3 Laboratory Testing 

Soil samples shall be described and ciassified using ASTM D 2488 guideiines for fieid 
ciassification and ASTM D 2487 based on iaboratory test resuits. Rock (both hard and soft) shaii 
be ciassified using ASTM D 5878 and be in conformance with GEC 5, Evaiuation of Soii and 
Rock Properties (FHWA 2002), which is based on the ISRM guideiines. Laboratory testing shaii 
be performed in accordance with Section 6 of TM 2.9.1. Sufficient iaboratory testing shaii be 
performed to represent in-situ rock and soii conditions of the project. 

In addition to iaboratory testing identified in TM 2.9.1, speciaiized testing of rock for underground 
excavations mined by tunnei boring machine (TBM) shaii aiso inciude driiiing rate index, bit wear 
index, and cutter iife index, as described in Chapter 3 of FHWA (2009). Additionai testing may 
inciude cherchar abrasion index, and punch penetration test for use by TBM designers. The 
abrasion characteristics of soiis (Abrasion Vaiue for Soiis AVS) shaii be evaiuated by appiying the 
Norwegian Institute of Technoiogy (ibid NTNU) soii abrasion test (SAT). 

Petrographic anaiysis shaii be conducted on representative rock sampies. The petrographic 
anaiyses shaii be conducted on rock thin sections prepared for anaiysis under a poiarizing 
microscope to identify principai minerai constituents (especiaiiy quartz content and presence of 
asbestos), texturai reiationships, aiteration/metamorphism, percentages, and other unusuai 
properties that may affect TBM performance. 

3.5.3 Characterization 

3.5.3.1 Soii Ciassification 

Descriptions of soiis shaii aiso be in accordance with TM 2.9.1 and Chapters 3.5 and 7.2 of 
FHWA (2009). For tunneis and other underground excavation, speciai attention shaii be given to 
documenting soii grain-size characteristics and stratification features, both of which strongiy 
infiuence ground behavior for excavations. Terzaghi (1950) ciassified soiis in the Tunneiman’s 
ground ciassification according to the anticipated soft ground behavior based on soil identification 
(grain size) and whether the excavation is above or beiow groundwater. Emphasis shaii focus on 
cohesioniess soiis (i.e., composition, gradation, and density) and on cohesive soiis (i.e., 
consistency and strength) with respect to the proposed excavation and with respect to 
groundwater conditions (e.g., perched and confined conditions, permeabiiity, and evidence of 
artesian conditions or groundwater barriers, i.e., fauits). 

3.5.3.2 Rock Mass Classification 

Rock mass ciassifications shaii be evaiuated from the geotechnicai and geoiogicai data coiiected 
during the fieid investigations to describe the rock mass conditions that shaii be predominant 
within the proposed tunneis and underground excavations in rock in accordance with FHWA 
(2009). Terzaghi (1946) proposed a quaiitative description of rock mass ciasses and successfui 
appiications of various tunnei support systems that prevent rock masses from dropping from the 
tunnei roof. If used for the CHSTP, Terzaghi’s rock mass classifications shall be implemented 
only for preliminary estimates of tunnel support requirements based on professional judgment. 
The more recently proposed numerical classifications of rock shall be used for the CHSTP design 
recommendations. The numerical rock quality designation (ROD) proposed by Deere and Deere 
(1989), the tunneling quality index (Q) proposed by Barton et al. (1974) of the Norwegian 
Geotechnical Institute, and the Rock Mass Rating (RMR) by Z.T. Bieniawski (1989) shall be 
developed for site-specific application to rock tunnel support and lining of the CHSTP. The 
numerical rock mass classifications shall be used for evaluating and demonstrating the design of 
proposed rock support systems for the tunnel excavations. 

3.5.3.3 Geologic Structure 

Analysis of geologic structure shall be performed for all proposed excavations in rock. Rock 
discontinuities, which typically control the behavior of a rock mass with respect to slope stability 
and underground stability, shall be analyzed in outcrops by geologic mapping, in rock-core 
logging as outlined in TM 2.9.1, and in using in-situ methods of logging as outlined in AASHTO 
MSI-1, Section 6.1.2. All structural mapping and logging methods are to document in-situ 
geologic structural trends for use in structural analyses of the rock mass and for design of tunnel 
and underground excavation interim and final supports. 



Page 20 





California High-Speed Train Project 


Geotechnical Analysis and Design Guidelines, R1 


Compiled discontinuity orientations defined by strike, dip, and dip direction shaii be anaiyzed 
using Rocscience’s software program Dips V6.0 (Rocscience, 2010), or other equivaient anaiysis 
software. The resuiting stereonet piots of data shaii be used in estimating appropriate orientation 
adjustments (Ra) for caicuiating the RMR of rock. The discontinuity data shaii aiso be used for 
estimating structuraiiy controiied roof and waii faiiures in excavations (e.g., wedge faiiures) and 
for quaiitativeiy estimating the siope stabiiity at rock portais, inciuding basai siip, wedge, and 
toppiing faiiures as outiined in Section 8.5.2 of this TM. 

3.5.3.4 Hydrogeology 

The hydrogeoiogy of both soii and rock sites shaii be evaiuated for tunneis and other 
underground structures and presented in accordance with FHWA (2009), inciuding groundwater 
eievations of static and perched water zones derived from pubiished and research sources, 
geotechnicai fieid investigations, and groundwater investigations of proposed excavations. The 
site characterization shaii inciude the checkiist for GBRs inciuded in Tabie 4-3 of FHWA (2009). 
The hydrogeoiogic data shaii be used to define static groundwater eievations, seasonai 
fiuctuations, fiow directions, hydrauiic conductivity, perched and confined aquifer conditions 
(artesian), porous medium or fractured medium, pH, temperature, and water chemistry. 

Hydrauiic conductivities shaii be caicuiated based on data coiiected in accordance with TM 2.9.1, 
inciuding pumping and siug tests, packer tests, open borehoie seepage tests, and infiitration 
tests. For groundwater monitoring, monitoring weiis and piezometers shaii be instaiied and 
monitored for at ieast one year but preferred for muitipie years (i.e., wet and dry years). 
Procedures for caicuiating hydrauiic conductivities from pumping test data and effective hydrauiic 
conductivities from borehoie packer tests and faiiing head tests shaii be impiemented in 
accordance with FHWA (2009) Chapter 3.5.6 and FHWA (2002) - Subsurface Investigations - 
Geotechnicai Site Characterization - Reference Manuai. 

Where groundwater infiow or dewatering is a concern, hydrauiic conductivity testing shaii be 
conducted by the designer as part of the subsurface investigations in accordance with TM 2.9.1 
and shaii inciude permeabiiity tests, pumping tests, siug tests, packer tests, open borehoie 
seepage tests, and/or infiitration tests. These tests are further described in ASTM D 4043 and 
shaii form the basis of understanding groundwater occurrence, hydrauiic pressures, and 
groundwater fiow characteristics. 

The designer shaii identify conditions that couid resuit in design changes, construction deiays, 
and unanticipated construction costs due to unanticipated groundwater conditions. Unexpected 
groundwater conditions can inciude but are not iimited to instantaneous infiows and sustained 
fiows higher than estimated, groundwater barriers, fiowing saturated soiis, geothermai waters, 
and gas-bearing water. The designer shaii investigate and quantify aii potentiai groundwater 
conditions that couid resuit in changed conditions for the project and fuiiy deveiop and expiain the 
variabiiity of potentiai hydrogeoiogy conditions in the GDR and the GBR for each project structure 
according to TM 2.9.2. 

Water ievei measurements and/or hydrauiic pressures shaii be measured for predicting upiift 
pressures and hydrauiic pressures on tunnei iining systems. Measurements and pressures shaii 
be taken at ieast one diameter above and beiow the tunnei structure. Groundwater 
characterization shaii account for potentiai variations resuiting from seasonai changes, rainfaii, 
irrigation, and other factors. 

3.5.4 Design Issues 

3.5.4.1 Groundwater Management 

Infiuences of dewatering on existing structures (e.g., settiement) and on project excavations shaii 
be inciuded in design of beiow ground excavations and for caicuiating upiift pressures for siab 
design. The designer shaii provide caicuiations for estimates of infiows inciuding initiai fiows 
(e.g., fiush fiows) and sustained fiows (iong term), which are dependent on the occurrence of 
groundwater (static, artesian, fracture systems, etc.), hydrauiic conductivity, hydrauiic head, 
voiume of water reservoir source, and groundwater barriers such as aquitards, aquiciudes, and 
fauits. 
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3.5.4.2 Seepage Control 

Undrained and drained tunnei designs shaii be considered. Tunneis (i.e., bored and mined) may 
be designed as undrained (i.e., with waterproofing) with the objective of eiiminating impacts to 
groundwater and surface water resources due to groundwater drawdown. Drained tunneis may 
be viabie for specific conditions such as short tunneis or where pre-construction grouting of the 
rock mass is appiied to minimize iong-term infiows. Conditions for design of undrained and 
drained tunneis are outiined in TM 2.4.5, for static ioads resuiting from groundwater pressures. 
For guidance on watertightness and drainage for tunnei structures refer to TM 2.4.5, Section 
6.2.5. Cut-and-cover tunneis and U-waii trackway structures shaii be designed as undrained to 
accommodate groundwater conditions (inciuding seasonai changes) at the site and the designer’s 
proposed excavation support and iining design. 

3.5.4.3 Induced Ground Settlement (Movement) 

The potentiai for induced settiement shaii be evaiuated using FHWA (2009) guideiines outiined in 
Section 7.5, which provide methods for caicuiating movement either due to a groundwater 
depression during dewatering or due to ground ioss during tunnei excavation. The designer shaii 
caicuiate the settiement trough depth, width, and shape to estimate the potentiai surface 
settiement and effects on surface structures. The settiement caicuiation shaii inciude both singie- 
bore and muitipie-bore tunneis, where proposed. 

Potentiai damage to structures due to ground settiement shaii be evaiuated using the guidance 
provided in Section 7.6 of the FHWA (2009). The reiationships presented in FHWA shaii be used 
for initiai estimates of structurai damage as part of tunnei iining and TBM design and pianning for 
ground support to mitigate construction impacts. Mitigation methods of ground settiement shaii 
be inciuded in the design process as outiined in Section 7.6. 

3.5.4.4 Gassy Ground Hazard 

Tunneis and underground structures shaii be designed to protect against potentiai hazardous 
conditions due to the presence of expiosive, corrosive, or poisonous gasses (e.g. methane, 
petroieum-derived gases, hydrogen suifide) entering tunneis. Identification and evaiuation of 
potentiai gassy ground shaii be part of the GDR and GBR for the tunnei. Speciai attention shaii 
be given to areas of petroieum-bearing geoiogic materiais, especiaiiy within or near known active 
or abandoned oii fieids. The Caiifornia Division of Oii and Gas and Geothermai Resources 
(DOGGR) maintains records of active and abandon oii fieids and weiis. Research of oii weiis and 
petroieum-bearing areas at DOGGR shaii be part of the source information to be reviewed as 
outiined in TM 2.9.1 and shaii be investigated and evaiuated as a potentiai geoiogic hazard with 
reference to TM 2.9.3. Mitigation of gassy conditions shaii be inciuded in the design of the tunnei 
iining system, ventiiation system, and eiectricai and mechanicai components for use in the tunnei. 
The designer shaii inciude protections inciuding gas-resistant waterproofing, impermeabie 
membrane, fuii-time ventiiation system, and gas-detection system monitoring both the crown and 
invert spaces, where gases couid coiiect. Concrete and steei shaii be protected against corrosive 
gases or gas-saturate groundwater. Designs shaii conform to aii iocai fire department 
requirements for confined space and fire safety. 

3.5.4.5 Seismic Loads 

Tunneis and underground structures shaii be designed to resist the effects of ground shaking 
(i.e., ovaiing/racking, iongitudinai curvature, and axiai straining) and permanent ground 
deformations (i.e., seismic siope instabiiity, iiquefaction, and iaterai spreading) that resuit from the 
design earthquakes. These anaiyses shaii be performed in accordance with TM 2.10.4 - Interim 
Seismic Design Criteria and TM 2.3.2, Structurai Design Loads. Additionai guidance can be 
found in FHWA (2009) Chapter 13. Seismic ground shaking parameters shaii be deveioped in 
accordance with TM 2.9.6, Interim Ground Motion Guideiines, and ground faiiure potentiai shaii 
be evaiuated in accordance with Section 6.10 of this TM. 

3.5.4.6 Static Loads 

Earth ioads shaii be addressed in accordance with TM 2.3.2, TM 2.4.5, the FHWA (2009) 
Chapters 6 and 7, and the foiiowing provisions. The designer shaii account for earth ioads that 
inciude rock, soii, and groundwater. 
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Rock loads are influenced by gravity, rock structure orientation, discontinuity spacing, in-situ 
stresses, iocked-in tectonic stresses, groundwater, and conditions such as underground 
excavation geometry, inciuding tunnei intersections, chambers, piiiars between parailei tunneis, 
and crossover tunneis. Usuaiiy rock ioads are evaiuated as roof ioads, side ioads, and eccentric 
ioads. Other conditions in rock that shaii be accounted for in designs inciude squeezing ground 
in which weak ground deforms under in-situ stresses, and sweiiing ground in which siaking or 
absorption of water causes an increase in voiume. Tunnei designs inciuding initiai and finai 
iinings shaii accommodate aii rock ioads. 

Soft ground (soii) ioads are infiuenced by piasticity, fines content, grain-size distribution, 
consoiidation history, strength, construction methodoiogy and sequencing, and groundwater. 
Tunnei support systems and shoring support for open excavations shaii accommodate aii 
combinations of soft ground ioads. 

Groundwater ioads for design shaii represent the fuii hydrostatic head or height of the coiumn of 
water above the excavation (refer to TM 2.4.5). The tunnei lining shaii support the fuii hydrostatic 
head aiong the iength of any particuiar tunnei. 

3.5.5 Excavation Issues 

3.5.5.1 Rock Tunnels and Chambers 

In accordance with Chapter 6 of FHWA (2009), design and construction of tunneis and other 
underground excavations in rock shaii consider aii potentiai rock stresses, faiiure modes, and 
difficuit ground inciuding but not restricted to wedge faiiures, rock burst, stress-induced faiiures, 
tunnei face or roof instabiiity, squeezing ground, sweiiing ground, mixed-face conditions, high 
horizontai stresses, ground dispiacements, groundwater, and any combination of conditions that 
can adverseiy impact tunnei construction and performance. The designer shaii evaiuate and 
address aii site conditions and materiai properties that can infiuence the behavior of rock in which 
an excavation is pianned, inciuding intact rock strengths, discontinuities, rock mass 
ciassifications, deformation moduius, abrasiveness, in-situ stresses, fauit zones, gassy ground, 
fiowing and running ground, water infiows, water pressures, geothermai conditions, and water 
chemistry. 

Ground support shaii be designed for initiai and finai support to resist aii induced rock stresses 
and shaii be considered with aii appiicabie options of support, inciuding rock boits, ribs and 
iagging, shotcrete, iattice girder, spiies and forepoies, and precast segmented iining systems. 

The designer shaii appiy methods of groundwater fiow controi in accordance with Chapter 6.7 of 
FHWA (2009). Groundwater controis may inciude pre- and post-construction grouting, ground 
freezing, and the use of pressurized-face TBMs operated in ciosed mode. Infiow of groundwater 
wiii be iimited to not more than 100 gaiions per minute for sustained fiows. However, aiiowabie 
infiow rates may be set by negotiation with iocai jurisdictions. 

3.5.5.2 Portals and Shafts 

Portai and shaft excavations shaii be designed to be stabie (i.e., static stabiiity) during excavation 
and upon being put into service in accordance with Section 8 of this TM. Aii cut siopes and 
excavations shaii be designed for any possibie mode of faiiure to meet minimum FOS that are 1.3 
or greater for short-term construction (temporary siopes or construction siopes) and 1.5 or greater 
for permanent or finai design siopes. These FOSs shaii appiy to both soii and rock siopes for aii 
portai and shaft excavations. 

The overburden materiais, weathered rock, rock, and pre-existing iandsiides shaii be investigated 
and evaiuated for physicai conditions (iithoiogy and geoiogic structure) and strength properties 
(friction angie - cp; and cohesion-c) in accordance with TM 2.9.1 and FHWA (2009) for use in 
caicuiating FOSs for excavated siopes and openings. The appiicabie modes of faiiure shaii be 
evaiuated by site-specific fieid investigations in accordance with TM 2.9.1, TM 2.9.3, Goeiogic 
and Seismic Hazards Anaiysis Guideiines, and FHWA (2009). The designer shaii evaiuate aii 
ground conditions affecting stabiiity of the portai or shaft that may inciude overburden excavation, 
weathered rock and unweathered rock. The modes of faiiure shaii be modeied using two- 
dimensionai geoiogic cross sections and/or three-dimensionai modeiing for use in conducting 
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slope stability anaiysis using iimit equiiibrium methods outiined in Section 6.8 of this TM to 
evaiuate the FOSs of each siope and siope-support method. 

Initiai ground support for shaft excavations wiii depend on the site conditions, whether the 
excavation is above or beiow groundwater, and construction preferences of the construction 
contractor, and, therefore are not detaiied in this document. However, support systems shaii 
consider the foiiowing methods: 

• Soidier piies and iagging in soiis without water 

• Ring beams and iagging or iiner piate 

• Precast concrete segmentai shaft iining 

• Steei sheet piie waiis in soiis with or without water 

• Diaphragm waiis cast in siurry trenches, which can minimize settiement and dewatering 
effects 

• Secant piie waiis or soii-mix waiis instead of diaphragm waiis 

3.5.5.3 Cut-and-Cover Structures 

Cut-and-cover tunneis shaii be anaiyzed and designed in accordance with AASHTO LRFD Bridge 
Design Specifications with Caitrans Amendments, and Chapter 5 of the FHWA (2009) Technicai 
Memorandum for Design and Construction of Road Tunneis - Civii Eiements. Site 
characterization for cut-and-cover tunneis shaii be in accordance with TM 2.9.1 and Chapter 3 of 
FHWA (2009), which can appiy to soii or rock excavations; however, most cut-and-cover 
appiications are expected at soii sites. 

3.6 TRACK Bed Embankments and Embankment Foundations 

3.6.1 Design Overview for Embankments 

The geotechnicai anaiyses and design guideiines inciuded in this section supersede the technicai 
guideiines provided in TM 2.6.7, Earthwork and Trackbed Design. Additionai guidance is 
provided in TM 2.1.5, Track Design, and TM 2.10.10, Track-Structure Interaction. Engineering 
and geotechnicai designers shaii use these guideiines aiong with the CHSTP Specification 
standards for earthwork. This section is not intended to be a specification for materiais and/or a 
construction document. 

For trackway type seiection purposes during the design phase, the feasibility of seiecting ground- 
supported trackwork (on fiii embankment or in cut) shaii depend on the abiiity to meet the project 
performance criteria and shaii consider cost and construction scheduie. Other track guideway 
types for consideration and comparison against embankment-supported track inciude viaduct or 
retaining waii supported track. Embankment/fiii design considerations shaii aiso be iinked to the 
earthwork materiai avaiiabiiity and handiing strategy on a regionai basis for CHSTP, inciuding 
proportioning of cut and fiii with the goai to baiance quantities, where feasibie. 

3.6.2 Design Considerations 

The embankments and foundations for trackways shaii be designed considering the durabiiity and 
iongevity over the 100-year design iife and the abiiity to meet appiicabie ieveis of required criteria 
that may vary depending on track segment, train speed and ioading, frequency of train traffic, and 
track use such as mainiine, stations, sidings, yards, etc., as described in TM 2.1.5. Geotechnicai 
designs shaii consider that embankment track substructure must meet geometric accuracy for 
maintaining the overiying track surface geometry (profiie and aiignment) and satisfy stabiiity. This 
inciudes resistance to static ioad and dynamic ioad (passing trains), as weii as extreme 
action/ioading events resuiting from seismic shaking, heavy precipitation, frost action, etc. 

Design guideiines for the track bed (iayers, dimensioning, and materiais) overiying soii 
embankments or trackways in cut are provided in TM 2.1.5. Track designers shaii provide 
minimum subgrade stiffness criteria as weii as anticipated ioading and required bearing capacity 
information to the geotechnicai engineers regarding the required subgrade surface (in cut 
segments) and embankment fiii surface minimum stiffness vaiues (subgrade moduius and 
moduius of deformation) for evaiuation during site expioration and design. 
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Designs for trackway on embankment or in cut sections shaii be coordinated with other project 
features that might interfere with or impact the design or construction of CHSTP eiements. This 
inciudes coordination with other design discipiines (inciuding structurai and civii, hydroiogy and 
hydrauiics, and systems) to seiect appropriate earthworks for a given setting based on design 
constraints and potentiai confiicts, geotechnicai subsurface investigations, and surface and 
groundwater issues. Generai earthwork terms with a typicai track cross section are depicted on 
Figure No. 3-1. 





/ GftOlJNO 


Figure 3-1: General Earthwork Cross Section and Terminology 

Additionai constraints that shaii be considered inciude but are not iimited to site geometry, 
access, time required to construct the fiii and aiiow settiement, environmentai issues, impact on 
traffic fiow, and other construction activities. Anaiyses and design for embankment and cut 
sections during preiiminary engineering require advance geotechnicai investigations to obtain 
subsurface data representative of the underiying soii/rock that supports the trackway. 

3.6.3 Soil Material Suitability for Use as Engineered Fill in Embankments 

For design purposes, evaiuation of soii suitabiiity for re-use within the body of track embankments 
shaii be based on the foiiowing guideiines which supersede the definitions for “Soii Quaiity 
Ciasses” presented in UlC 719R and Section 6.3.2 (Tabie 6-4) of TM 2.6.7. 

Table 3.6.3-1 Soil Material Suitability for Engineered Fill in Embankments 
(per ASTM D 3282 / AASHTO subgrade soil group system) 


Acceptable^ 

Unacceptable^ 

A-1-a 

A-4 (CBR<10) 

A-1-b 

A-2-7 

A-2-4 

A-5 

A-2-5 

A-6 

A-2-6 

A-7-5 

A-3 

A-7-6 

A-4 (CBR>10) 

★ 


Notes: 

'ic 

Rockfiii is not acceptabie for track embankment materiai. 
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1. In addition to the AASHTO criteria, the maximum soii particie size is iimited to 3 inches. 

2. Potentiai embankment fiii source materiais from groups A-2-7, A-5, A-6, and A-4 (with 
Caiifornia bearing ration [CBR] <10) that can be shown by anaiysis and testing to meet aii 
performance requirements (inciuding strength, stabiiity, settiement/deformation, iong-term 
durabiiity, etc.) shaii be submitted for consideration of acceptabiiity on a case-by-case basis. 
This inciudes marginai soii types from these groups that can be modified using soii 
amendments or additives such as cement, iime, hydrauiic binders, etc., to be rendered 
suitabie for use provided they meet aii performance requirements (described above) as 
demonstrated by anaiysis and testing programs, inciuding iaboratory triai batching and fieid 
test sections. 

Soii suitabiiity evaiuations shaii aiso consider potentiaiiy detrimentai properties as foiiows: 

• Frost susceptibiiity - In order to reduce the potential to cause unacceptable disturbances 
to track geometry upon freeze/thaw cycles, soil types susceptible to frost, such as silt or 
clay, shall not be used for embankments in regions where cold conditions can occur. 

• Corrosivity - Soil suitability shall also consider corrosion potential. Corrosive soils that 
are potentially detrimental to buried metal and/or concrete features (such as overhead 
contact system [OCS] poles, pipes/culverts, geogrid reinforcement, etc.) shall not be 
used. 

3.6.4 Embankment Fill Design 

Embankment foreslope inclinations shall be limited to 2 Horizontal:1 Vertical (H:V) or flatter for 
preliminary engineering design. 

For embankments with dimensions exceeding 30 feet in height (measured from original ground to 
top of slope), designs shall include mid-slope benches for purposes of drainage and facilitating 
future access for maintenance reasons. Slope benches shall be 6 feet wide minimum with 6% 
gradient toward the low end of the fill slope, and shall include a lined gutter channel at the 
drainage surface. For tall embankments, slope benches shall be laid out on average of every 30 
feet in height (allowance from 26- to 32-foot range is considered acceptable) and shall be 
connected to the surrounding ground surface for access. 

At the top surface of fill embankment or cut subgrade level (immediately underlying track roadbed 
section), the design section shall have a transverse cross-slope drainage gradient of at least 4%, 
preferably sloped toward the outer edges of the embankment foreslopes. The 4% minimum 
cross-slope at subgrade surface must be met even after long-term settlement. A general track 
cross section depicting the required cross-slope drainage at the subgrade surface is shown below 
in Figure 3-2. 
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Figure 3-2: Track Cross Section with Sioped Subgrade Surface (4% Gradient) 
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The proposed geometry and dimensions for track embankment sections shaii be confirmed by 
geotechnicai anaiyses (short-term, and iong-term conditions) for stabiiity and 
settiement/movement in accordance with CHSTP TM guideiines. Embankment engineering 
guideiines that shaii be considered for geotechnicai design are summarized in FHWA Soii Siope 
and Embankment Design Manuai FHWA/NHI-05-123, 2005. 

Design shaii consider potentiai probiems associated with movements, inciuding internai 
deformations (compression of fiii materiais) within the embankments, as weii as externai 
deformation in underiying foundation / native soiis beiow the embankment. Internai deformation 
within embankments shaii be controiied by design and use of fiii materiais (in accordance with 
CHSTP TM guideiines and referenced specifications) that have the abiiity to resist the expected 
ioads. Properiy designed and weii-constructed soii embankments are not expected to 
excessiveiy deform internaiiy if adequate quaiity controi is exercised with regard to materiai and 
compaction requirements. Deformation considerations for the embankment shaii consider both 
verticai as weii as iaterai deformation movements. Verticai deformation movements are referred 
to as settiements. Laterai deformation movements can resuit in rotation of embankment earth 
structures at abutments, commoniy referred to as tiiting. Various design soiutions that shaii be 
considered for deformation probiems are provided in Sections 7.6 and 7.7 of FHWA Soiis and 
Foundations Reference Manuai FHWA/NHI-06-088 Voiume I dated 2006, UlC 719R 3rd edition 
dated 2008, and FHWA Soii Siope and Embankment Design Manuai FHWA/NHI-05-123 dated 
2005. 

Since overstressing the embankment or foundation soii may resuit in faiiures that can occur when 
embankments are buiit on iow-strength foundation soiis without speciai foundation treatment, the 
track substructure (foundation/embankment system) shaii be anaiysed for stabiiity by the 
geotechnicai designer. For assessment of ioad due to the earth embankment structure, 
designers shaii assume fiii soii compacted to at ieast 95% of maximum density per ASTM D1557 
for estimation of soii unit weight. Foundation soiis and embankments generaiiy provide adequate 
support for transportation infrastructure, provided that the additionai stress from geo-structures 
and added ioads (including passing trains) does not exceed the shear strength of the 
embankment soiis or underiying strata (NRC/TRB Ariema and Butier, 1990). Potentiai faiiure 
modes that shaii be considered inciude bearing capacity, dispiacement faiiure, transiatory faiiure, 
rotationai siiding faiiure (extending through the foundation), and iaterai squeezing. Anaiyticai 
procedures for use to assess stress distribution in soii foundations underiying embankment fiiis is 
given in Section 7.3 of FHWA/NHI-06-088, Volume I, dated 2006. Guidelines for additional 
stability assessments for both fill slopes and natural or cut slopes are provided in Section 6.8 of 
this TM. 

For the FOS against bearing capacity failure, the level of stress in the subgrade material (directly 
underlying track structure) due to loading of track structure components and ballast, if present, 
plus loading from trains shall not exceed an allowable bearing pressure that includes a minimum 
FOS of 2.5. 

For stability and settlement analysis, consideration shall be given to additional actions/loading 
due to dynamic load from passing trains and also extreme events (seismic shaking, liquefaction 
and related strength loss due to seismic load, etc.). Seismic design guidelines for embankments 
and earth structures are provided in Section 6.10 of this TM. The seismic case evaluations and 
associated analyses should be displacement based leading to estimates of potential lateral 
deformations of embankments/slopes and ground settlement. 

Embankment section designs shall avoid having trackways straddle the cut/fill line on side-hill 
sections of mainline segments, where feasible. Where embankments are to be located and 
constructed on slopes or where a new fill is to be placed against an existing embankment, the 
slopes of the original hillside or existing embankment shall be benched in order to provide a 
notched interface between the new fill and the existing ground. Bench widths are expected to be 
variable depending on the slope angle; however, bench heights shall be limited to 4 feet. A 
keyway shall be excavated to provide support for the toe of new fill slopes constructed against 
slopes. 



Page 27 





California High-Speed Train Project 


Geotechnical Analysis and Design Guidelines, R1 


Design recommendations shaii be provided to controi subsurface drainage since it is integrai to 
the performance and stabiiity of earth structures as weii as track segments in cuttings (cut 
ground). Standard design guideiines for iongitudinai (sideiine) subdrainage features at track 
shouider subgrade zones are provided in UlC 719R - Section 2.8. 

For reaches of earth embankment at transition zones (immediateiy adjacent to bridge and viaduct 
abutments, tunneis, cut-and-cover structures, and cut sections with an abrupt topographic 
change) the approach embankment shaii be designed to minimize the potentiai for differentiai 
settiement and to provide a smooth transition in the structurai stiffness between different 
infrastructure features. 

3.6.5 Embankment Strengthening and Stabilization using Geogrids 

For mainiine track segments, embankment design for fiii sections greater than 5 feet in height and 
with siope inciinations steeper than 2.5H:1 V shaii inciude horizontai iayers of geogrid-reinforcing 
materiai extending a minimum of 8 feet from the outer edge surface of fiii foresiopes inward 
toward the center of the embankment body. The geogrid reinforcing is required in order to 
improve strength/resistance of the foresiopes of the fiiis and to enhance overaii durabiiity of the 
earth structures for HST mainiine track segments. The maximum verticai spacing between 
consecutive iayers of geogrid reinforcement shaii be 1.5 feet. A generaiized embankment siope 
section detaii is shown beiow in Figure 3-3. 



Figure 3-3: Geogrid-Reinforced Embankment Foreslope 

Embankment designs shaii consider the need for additionai iayers of continuous horizontai 
geogrid reinforcing across the fuii width of embankments to strengthen the body of fiiis and 
controi deformation for segments where oniy poorer quaiity fiii types (per Tabie 3.3.5-1, second 
coiumn) are avaiiabie, and/or where there are areas of weak foundation conditions (based on site 
expioration and geotechnicai anaiysis). Geotechnicai evaiuation methods for use in the design 
for geogrid-reinforced embankments and controi of embankment deformation are presented in 
the foiiowing technicai guidance reference documents: 

• Geosynthetic Design and Construction Guideiines, Chapter 7, FHWA-HI-95-038, 1998 

• Soiis and Foundations Reference Manuai, Chapters 6 and 7, FHWA-NHI-06-088 Voiume 
I, 2006 

• Soii Siope and Embankment Design Manuai, Chapter 8, FHWA-NHI-05-123, 2005 


The designer shaii seiect a geogrid materiai with adequate tensiie strength for the proposed use 
and shaii give consideration to other important aspects and properties (such as durabiiity, 
degradation resistance, creep behavior, high moduius, protective poiymer coatings, other 
mechanicai properties that are time dependent, etc.) to meet CHSTP performance requirements. 
Metaiiic reinforcing eiements shaii not be used, since they are potentiaiiy susceptibie to stray 
current corrosion that causes significant ioss of section over the iife of infrastructure supporting 
track. 
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3.6.6 Special Requirements for Embankments at Floodplains, and at Fault Crossings 

For design of embankment segments located in fioodpiains, the ievei of highest water shaii be 
estabiished by the hydroiogy and hydrauiics studies based on the ieveis of known fioods. The 
embankment fiii section shaii be designed to protect foresiopes iocated within the highest water 
ievei zone with a surface iayer of drainage materiai and riprap protection as weii as the use of an 
underiying “drainage iayer,” as shown in Figure 3-4. The drainage iayer shaii extend upward 
aiong the foresiopes to the estimated high fiood water ievei pius 1.5 feet. The granuiar drainage 
materiai shaii contain iess than 5% fine-grained materiai (passing the No. 200 sieve) and compiy 
with Terzaghi’s fiiter criteria, as summarized by Cedegren (1989): 


D^^ifliter) liter) 

D^^{sozl) 

and 

D^f^i/ilter) ^ 

DjQ{soil) 


Where D 15 , D 50 , and Dss are the particie sizes at which 15, 50 and 85%, respectiveiy, of the 
materiai by weight is smaiier. Di 5 (fiiter) denotes the D 15 vaiue for the fiiter materiai, Di 5 (soii) 
denotes the D 15 vaiue for the fiii or subgrade materiai in contact with the fiiter, and so forth. 
Additionaiiy, the fiiter materiai shouid not be gap or broadiy graded. The design process for 
riprap shaii foiiow the approach provided in NCHRP Report 568, Riprap Design Criteria, 
Recommended Specifications, and Quaiity Controi, NCHRP, 2006. 



For embankments iocated in track segments in wet areas where the water tabie is permanentiy or 
periodicaiiy at ground ievei, the embankment shaii be constructed on a iayer of drainage materiai 
as shown in Figure 3-5. This materiai shaii not deteriorate or sweii when immersed in water. It 
shaii be weii graded with no more than 10% passing the No. 200 sieve. The grading of the 
drainage materiai shaii compiy with Terzaghi’s fiiter criteria against the subgrade originai ground 
materiai as described above. The thickness of this drainage iayer shaii be reiated to the 
topography of the wet zone, but no iess than 1.5 feet. In flat ground areas, the thickness of the 
layer shall be such that, after consolidation settlement of the bearing subgrade soil, the height of 
the drainage layer shall be at least 9 inches above the natural ground. 
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Figure 3-5: Drainage Layer under Embankments in Wet Locations 


For locations where transverse box culvert drainage structures or pipes wiii be constructed within 
the body of trackway embankments, the embankments shaii be designed to minimize the 
potentiai for differentiai settiement and to provide a smooth transition in the fiii stiffness between 
these different infrastructure features at transition zones. 

Earth structure designs at these iocations shaii inciude “approach embankments,” and the design 
detaiis shaii specificaiiy take into account the geometricai, geoiogicai, and geotechnicai 
conditions of the site and the anticipated construction sequence. Design exampies for transitions 
from earthworks to cuiverts or other raiiway infrastructure features are given in UlC 719R, and 
Innovative Track Systems INNOTRACK Guideline for Subgrade Reinforcement with 
Geosynthetics, Section 9.4 of Report D2.2.6 Project No. TIP5-CT-2006-031415, dated 2009. 

Earthquake fault crossings at locations where track segments on embankment or in cut cross 
earthquake faults classified as hazardous (subject to ground movement/displacement due to 
potential fault rupture) as defined in TM 2.10.6 Fault Rupture Analysis and Mitigation, the 
earthworks supporting trackway infrastructure shall be designed according to guidelines in TM 
2 . 10 . 6 . 

3.6.7 Embankment Settlement (Magnitude and Rate) and Tolerable Deformations/Movements 

The vertical deformation settlement of embankments (which also affects overlying track bed 
structure) is a combination of the settlement movement of the foundation on which it is resting 
plus settlement of the embankment fill, as shown in Figure 3-6. Conventional settlement 
analyses shall consider ‘immediate’, ‘consolidation’ and ‘secondary’ components of settlement 
against the requirements of CHSTP. For analysis of embankments, calculation procedures that 
shall be used to assess soil settlement are given in the following references: 

• Soil Slope and Embankment Design Manual, chapters 4 and 8, FHWA-NFII-05-123, 2005 

• Soils and Foundations Reference Manual, chapter 7, FFIWA-NFII- 06-088 Volume I, 2006 



settlement of the 
natural ground 
Su 



settlement of the 
embankment 
Se 


settlement out of the 
traffic load 
Sv 



total settlement = Sy + 

Figure 3-6: Settlements of Embankments 

Reference: Figure No. 21 of UIC-719R (2008) 

Geotechnical evaluations for embankments and their foundations shall also include the 
settlement contribution from surcharge/track load, and additional loading and/or ground 
deformation due to earthquakes. 
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In general, the settlement of the foundation is more difficuit to evaiuate than that of the 
embankment fiii, and quite often it is much iarger. This is particuiariy true when embankments 
are resting on soft compressibie soiis. As a generai guideiine for embankments, based on data 
from earth dams constructed by the United States Bureau of Reciamation, the estimated iong- 
term settiement of a weii-compacted earth fiii embankment ranges between 0.2 and 0.4% of the 
embankment height. 

Once the embankments are designed based on safe aiiowabie bearing pressures and satisfying 
stabiiity, the residuai settiement (foiiowing track instaiiation) estimates and differentiai 
dispiacements between iocations aiong the iength of the embankments shaii be evaiuated to 
assess potentiai serviceabiiity probiems for the track bed. 

Settiement occurring after construction of the permanent way tracks shaii be iimited aiong generai 
track segments as foiiows: 


Table 3.6.7-1 Settlement Criteria - Residual Settlement After Placement of Tracks 


Residual Settlement ^ 

Non-Ballasted Track 

Ballasted Track 

Differentiai Settiement^ 

s 3/8 inch over 62 feet 

^ 3/4 inch over 62 feet 

Uniform Settiement 

< 5/8 inch 

< 1-1/8 inch 

Rate of Settiement (per year) 

^ 3/16 inch 

< 3/4 inch 


Notes: 

1. Prior to piacement of tracks, embankment sections shaii be instrumented and monitored 
for a period of at ieast 6 to 12 months to ensure compiiance with these requirements for 
residuai settiement. 

2. Differentiai settiement aiong track segments is measured aiong the track (surface profiie 
uniformity) in the verticai piane of each raii at the mid-point of a 62-foot-long chord. 


If the predicted differentiai dispiacements are excessive and exceed track profiie toierances, then 
embankment designs shaii require further modification, and/or ground improvement may be 
needed for the foundation systems. Where predicted settiement movements and their duration 
are excessive, change the design from an embankment to a viaduct or other structure shaii be 
considered. 

Settiement estimates shaii show not oniy how fast construction shouid proceed (appropriate 
timeframe for when instaiiation of overiying permanent way track structure can begin) but aiso 
shaii demonstrate that any ongoing settiements, which occur after the raii iine is opened, can be 
rectified economicaiiy by shimming and/or adjusting of track fasteners (verticai adjustment 
capacity approximateiy 0.25 inch), or performing other routine track maintenance throughout the 
iong-term design iife of the earth structure; if not, advance mitigation aiternatives shaii be 
considered. For the purpose of this section, “long-term” shall be defined as 100 years. 
Ciearances over raii tracks and roadways shaii inciude an aiiowance for anticipated short-term 
and iong-term movements of earth structures. 

Considering that settiement of earth structures is time-dependent and wiii vary by segment, the 
geotechnicai engineers shaii evaiuate and estabiish the time duration waiting (ieaving) period 
foiiowing initiai fiii embankment piacement before reieveiing the subgrade and subsequent 
construction of the overiying track bed permanent way is aiiowed to take piace. An iiiustration of 
various settiement parts reiated to time is shown in Figure 3-7. Based on internationai 
experience for other HST systems, the waiting period duration is typicaiiy 6 to 12 months, or 
more. To meet CHSTP design and performance requirements, a periodic settiement survey 
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program shall be developed by the geotechnical engineer and then impiemented during and after 
the construction phase to monitor settiement at the acceptance check timeframe after iaying 
track, and then iong term residuai settiement as part of the track maintenance program. 


installation of settlement installation of 
the earthwork waiting period tracks 



put into service 



Figure 3-7: Different Settiement Parts by Time 

Reference: Figure no. 22 of UIC-719R (2008) 

Per UlC 719R Section 2.10.2.2, eiastic verticai dispiacement of earthworks under ioad is usuaiiy 
not a design criterion, as resistance of continuous supporting structure generaiiy impiies very iow 
verticai dispiacement (typicaiiy 0.1 to 0.2 mm on top of supporting structure). However design 
criteria may exist to iimit eiastic deformation to a percentage of deformation of track components 
to manage the giobai track stiffness. 

3.6.8 Embankment Foundation Settiement Mitigation and Foundation Modification Using 
Ground improvement Methods 

For track embankment segments or at-grade trackway features that do not meet settiement 
criteria or indicate stabiiity probiems, advanced mitigation measures such as pre-ioading, over¬ 
excavation and repiacement, or other ground improvement methods shaii be considered for 
geotechnicai design. 

Ground improvement measures may aiso be necessary for advance mitigation of potentiai 
seismic hazards (such as iiquefaction or seismic stabiiity) or other geoiogic hazards such as 
coiiapsibie soiis, potentiai hydro-consoiidation, regionai subsidence, etc. The seiection of 
mitigation methods or candidate ground improvement options for preiiminary design shaii foiiow 
the process described in detaii in the FHWA Ground Improvement Reference Manuais, Voiumes I 
and, FHWA-NHI-06-019/020 dated 2006. 

A settiement monitoring program shaii be deveioped and impiemented by the geotechnicai 
engineer during the construction phase for any mitigation method seiected. Interferometric 
Synthetic Aperture Radar (InSAR) techniques shaii be considered as possibie methods for iarge 
scaie regionai monitoring in addition to traditionai surveying and the use of geotechnicai 
instrumentation during and after construction. 

For track segments iocated in reiativeiy iarge-scaie geographic areas where deep-seated regionai 
subsidence is an ongoing probiem with expected duration to continue over some or aii of the 
design iife, typicai ground improvement measures may not be economicaiiy feasibie. The 
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geotechnical engineer shaii identify the approximate regionai boundary iimits for these segments 
and shaii provide information to the track and civii designers regarding expected range in totai 
magnitude and estimated rate (inches per year) of future regionai subsidence movements. . 

3.6.9 Evaluation of Earthwork-Related Factors for Shrink/Swell (Shrinkage and Bulking) 
Estimation 

The geotechnicai engineers shaii provide shrinkage/sweii factors for the anticipated cut and 
embankment fiii soiis for purposes of earthwork quantity computations. Avaiiabie reference 
sources in common use for approximate factors (earthwork shrink/sweii) are iisted as foiiows: 

• Shrink/Sweii Factors for Common Materiais - Exhibit 4.6-F, FHWA Geotechnicai 
Technicai Guidance Manuai (draft) 2007 

• Geotechnicai Design Manuai M46-03 - State of Washington Department of 
Transportation, Chapter 10 Soii Cut Design, Tabie 10-1 Approximate Shrink/Sweii 
Factors, WADOT Manuai dated September 2005 

Earthwork quantity estimation shaii aiso consider embankment overbuild (higher eievation than 
design profiie) that may be necessary on a segment-by-segment basis to aiiow for short-term and 
iong-term settiement movement of the embankment and/or underiying foundation soiis supporting 
trackway embankments. 

3.6.10 Erosion Control for Embankment Features 

Geotechnicai studies for design shaii provide recommendations to the engineering designers for 
erosion controi needs. Evaiuations shaii be based on characterization of embankment materiais, 
potentiai water sources, raiiway geometries and siope design. Design recommendations shaii be 
provided to controi surface drainage when integrai to the design or performance of the earth 
structures, such as surface drainage ditches on siopes, interceptor ditches, and drainage 
channeis. Geotechnicai evaiuation to support seiection and preiiminary design for erosion controi 
shaii foiiow the processes described in the reference document titied Design and Impiementation 
of Erosion and Sediment Controi - Reference Manuai, FHWA NHI-05-013, 2006. 

The design detaiis or requirements shaii be incorporated in the geotechnicai report and 
construction pians. Geotechnicai discipiine shaii coordinate with the hydroiogy and hydrauiics 
and civii design discipiines for erosion controi since they provide project-wide drainage design for 
the controi of surface drainage. If iong-term erosion controi measures wiii inciude estabiishing 
vegetation on siopes, then consideration shaii be given to the use of erosion mats or other 
stabiiization methods for siope inciinations steeper than 3H:1 V. 

Geotechnicai design recommendations shaii aiso inciude evaiuation of temporary construction 
erosion controi requirements on cut-and-fiii siopes when integrai to geotechnicai design or 
performance. For exampie, the requirement to provide bench drainage during construction of 
siopes may be required to ensure construction-phase stabiiity. 

3.7 Retaining Walls, Fill Walls, and Reinforced Soil Systems 

3.7.1 Definitions and Wall Types Including Acceptable and Unacceptable Walls 

Engineered earth retention systems may retain soii permanentiy or (in the case of construction) 
temporariiy. Simiiar to the function of retaining waiis, the function of reinforced soii siopes (RSS) 
is to strengthen the mass of earth materiai such that a steep (generaiiy up to about 1H:2V) siope 
can be formed. Steep RSSs generaiiy do not require a structurai facing, whereas retaining waiis 
typicaiiy use structurai facing. RSSs often use a permanent erosion controi matting with iow 
vegetation as a siope cover to prevent erosion. 

Waiis shaii be ciassified as either a “fiii waii” or a “cut waii.” Exampies of fiii waiis inciude 
standard cantiiever waiis, mechanicaiiy stabiiized earth (MSE) waiis, and moduiar gravity waiis 
(gabions, bin waiis, and crib waiis). Cut waiis inciude U-waiis, soii naii waiis, cantiiever soidier- 
piie waiis, and ground-anchored waiis (other than naii waiis). 

Waiis shaii be further ciassified as gravity, semi-gravity, non-gravity cantiiever, anchored, or in- 
situ reinforced. For geotechnicai design, the various waii ciassifications, definitions, and 



Page 33 





California High-Speed Train Project 


Geotechnical Analysis and Design Guidelines, R1 


additional detail are provided in Section 11 of AASHTO LRFD-BDS, Caiifornia (Caitrans) 
Amendments, and the FHWA Earth Retaining Structures Reference Manuai (FHWA, 2008). 
Each of these waii categories wiii be considered as “generaiiy acceptabie” waiis provided that the 
combined earth/structurai system meets aii of the design and performance criteria. Waii types 
considered to be “unacceptabie” inciude mortar rubbie gravity waiis, timber or metai bin waiis, 
and “rockery” waiis. 

3.7.2 Design Considerations 

Retaining waii and siope designs shaii be coordinated with other project design eiements that 
might interfere with or impact the design or construction of the waii or siope. This inciudes 
coordination with the structures and civii design discipiine, systems discipiine, and hydroiogy and 
hydrauiics discipiines to seiect the most appropriate earth-retention system for a given setting 
based on design constraints, geotechnicai subsurface investigations, and surface and 
groundwater issues. Consideration must be given to presence of (and potentiai confiicts with) 
drainage features, buried and overhead utilities, OCS poies, iighting or sign structures, adjacent 
retaining waiis or bridges, concrete traffic barriers and/or fences, and guardraiis. These design 
eiements shaii be iocated in a manner that wiii minimize the impacts to the retaining waii or 
reinforced siope eiements. The potentiai effect that site constraints might have on the 
constructabiiity of the specific wail/siope shaii be considered. Additionai constraints to be 
considered inciude but are not iimited to site geometry, access, time required to construct the 
waii, environmentai issues, and impact on traffic fiow, and other construction activities. 

The structurai eiements of the waii or siope and the soii beiow, behind, and/or within the structure 
shaii be designed together as a system. The waii or siope system shaii be designed for overaii 
externai stabiiity as weii as internai stabiiity. Overaii externai stabiiity inciudes stabiiity of the siope 
the waii / reinforced siope is a part of and the iocai externai stabiiity (overturning, siiding, and 
bearing capacity). Internai stabiiity inciudes resistance of the structurai members to ioad and, in 
the case of MSE waiis and reinforced siopes, puiiout capacity of the structurai members or soii 
reinforcement from the soii. 

Retaining waiis and RSSs require subsurface data representative of the underiying soii/rock that 
supports the structure. The stabiiity and support characteristics of the underiying soiis, their 
potentiai to settie under the imposed ioads, the usabiiity of any existing excavated soiis for 
waii/reinforced siope backfiii, and the iocation of the groundwater tabie shaii be evaiuated through 
the geotechnicai investigation. 

For waii and RSS type seiection, factors that must be considered inciude the intended appiication; 
the soii/rock conditions in terms of settiement; need for deep foundations; constructabiiity; impacts 
to traffic; and the overaii geometry in terms of waii/siope height and iength, iocation of adjacent 
structures and utiiities, aesthetics, and cost. 

Other considerations that wail/siope seiection is dependent on inciude: 

• Waii/siope to be iocated primariiy in a cut or fiii 

• Excavation/shoring to be required to construct the waii or siope 

• Type of soii/rock present 

• Need for space between the right-of-way iine and the waii/siope or easement 

• Amount of settiement expected 

• Potentiai for deep-faiiure surfaces to be present 

• Structurai capacity of the wail/siope in terms of maximum aiiowabie height 

• Nature of the waii/siope appiication 

• Structures or utiiities to be iocated on or above the waii 

• Impact of the wail/siope on the performance of adjacent foundations, structures, or 
utilities, considering both the requirements of the adjacent features and the performance 
impact the installation of the new wail/siope will have on them for the various issues listed 
above 

• Architectural requirements 

• Overall cost and economy 
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For “type selection” purposes, geotechnical design shaii consider the summary of various 
waii/siope options avaiiabie (inciuding their advantages, disadvantages, and iimitations) provided 
in FHWA-NHI-07-071. Specific waii types shown in the exhibits of FHWA-NHI-07-071 may 
represent muitipie waii systems, some or aii of which wiii be proprietary. There are a number of 
factors that controi waii type seiection and design considerations, inciuding: 

• Magnitude and direction of ioading 

• Depth to suitabie bearing materiais (foundation support) 

• Potentiai for earthquake ioading and iiquefaction 

• Proximity of physicai constraints 

• Toierabie totai and differentiai settiement 

• Facing durabiiity and aesthetics 

• Ease and cost of construction 

• Potentiai for undermining or scour, sweiiing potentiai (day soii, and frost depth) 

• Cross sectionai waii/siope geometry 

Waii/siope geometry is deveioped considering the foiiowing: 

• Geometry of the transportation faciiity itseif 

• Design Ciear Zone requirements 

• Right-of-way constraints 

• Existing ground contours 

• Existing and future utiiity iocations 

• Impact to adjacent structures or faciiities 

• Impact to environmentally sensitive areas 

• Consideration for the foundation embedment and type anticipated, which requires 
coordination among the various design groups involved 

Feasible retaining wall heights to be considered for geotechnical design are affected by issues 
such as the capacity of the wall structural elements, past experience with a particular wall, current 
practice, seismic factors, long-term durability, and aesthetics. Wall facing selection 
considerations are dependent on the aesthetic and structural needs of the wall system. Wall 
settlement may also affect the feasibility of the facing options. More than one wall facing may be 
available for a given system. The available facing options shall be considered when selecting a 
particular wall. Wall type selection and facing options are summarized in FHWA-NHI-07-071, 
Chapter 10. 

3.7.3 Limit States and Resistance Factors 

Geotechnical designs for retaining walls shall be performed in accordance with AASHTO LRFD 
Bridge Design Specifications with California (Caltrans) Amendments. However, the Amendments 
confirm that abutment foundations are not subject to LRFD design approach, and so conventional 
WSD shall be used. The LRFD process and example calculations for individual wall types are 
provided in FHWA-NHI-07-071. Section 11 of the AASHTO (2007) LRFD specification provides 
information on LRFD for earth-retaining structures including conventional retaining walls, non¬ 
gravity cantilevered walls, anchored walls, MSE walls, and prefabricated modular walls. 

AASHTO LRFD load combinations for earth-retaining systems and bridge substructures are 
provided in Tables 3.4.1-1 of AASHTO (2007). The load factors for permanent loads used for 
earth retaining systems are provided in Table 3.4.1-2 of AASHTO (2007). In general, minimum 
load factors shall be used if permanent loads increase stability, and maximum load factors shall 
be used if permanent loads reduce stability. See AASHTO (2007) Section 3.3 for complete 
definition of loads. For reference purposes, the resistance factors for design of earth-retaining 
walls are presented in Table 11.5.6-1 of AASHTO for LRFD, as well as in the California 
Amendments, and so they are not reprinted here. 

3.7.4 External Loads and Stability Analysis 

AASHTO LRFD with California Amendments shall be used for evaluation of stability for retaining 
walls and abutments. Those provisions include calculation methods for various wall types and 
shall include analyses for overturning, bearing resistance, external stability (soil failure), and 
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internal stability (safety against structurai faiiure or combined soii-structure faiiure), siiding, 
seismic-ioad case, etc. Overaii stabiiity shaii be evaiuated using iimit equiiibrium methods of 
anaiysis. For giobai stabiiity anaiysis of waiis on steep siopes, geotechnicai design shaii consider 
the initiai stabiiity of the siope and the impact (or iack of) that the proposed construction has on 
the siope. 

Retaining waiis and abutments shaii be designed to withstand iaterai earth and water pressures, 
inciuding any iive- and dead-ioad surcharge, the seif-weight of the waii, temperature and 
shrinkage effects, and earthquake ioads. For waii evaiuation and design, earth pressure shaii be 
considered as a function of the foiiowing: 

• Type and unit weight of the earth 

• Water content 

• Soii creep characteristics 

• Degree of compaction 

• Location of design groundwater tabie 

• Earth-structure interaction 

• Amount of surcharge ioad 

• Earthquake effects 

• Back siope angie 

• Waii inciination 

Earth pressures used in design of waiis and abutments shaii be seiected consistent with the 
requirement that the abutment movement shaii not exceed toierabie dispiacement and settiement 
iimits described in Section 6.7.7 of this TM. Anaiyses methods for appiication of these various 
pressures in retaining waii design and stabiiity evaiuation of waii and abutment structures are 
provided in Section 11, Abutments Piers and Waiis, of current AASHTO LRFD BDS. 

3.7.5 Groundwater, Seepage, and Drainage Design 

Adequate drainage behind aii retaining waiis and engineered siopes shaii be inciuded in the 
design and impiemented during construction. An exception to this requirement is for U-waiis 
(retaining waiis with continuous base siab between them) that are used where the top of trackway 
subgrade is beiow the groundwater tabie/fiood ievei. No permanent dewatering shaii be assumed 
for design of U-waii sections that are undrained structures subject to hydrostatic pressures, both 
iateraiiy and verticaiiy (buoyancy). 

Retaining waii drainage designs shaii provide positive drainage at periodic intervais to prevent 
entrapment of water. Native soii may be used for retaining waii and reinforced siope backfiii 
provided that it meets the requirements for the particuiar waii/siope system, and satisfies iong- 
term deformation requirements, particuiariy upon wetting. 

Backfiiis behind retaining waiis and abutments shaii be drained, and drainage systems shaii be 
designed to compieteiy drain the entire retained soii voiume behind the retaining waii face. If 
drainage cannot be provided due to site constraints, the abutment or waii shaii be designed for 
ioads due to earth pressure, pius fuii hydrostatic pressure due to water in the backfiii. 

For MSE waiis and RSSs, internai drainage measures shaii be considered for aii structures to 
prevent saturation of the reinforced backfiii and to intercept any surface fiows containing corrosive 
eiements. MSE waiis in cut areas and side-hiii fiiis that intersect groundwater ieveis shaii be 
constructed with drainage biankets in back of, and beneath, the reinforced zone. In cut and side- 
hill fill areas, if prefabricated modular wall units are used, the structure shall be designed with a 
continuous subsurface drain placed at or near the footing grade and outletted as required. In cut 
and side-hill fill areas with established or potential groundwater levels above the footing grade, a 
continuous drainage blanket shall be provided and connected to the longitudinal drain system. 
For systems with open front faces, a surface drainage system shall be provided above the top of 
the wall. 
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At locations where retaining waiis or reinforced siopes may be in contact with water (such as a 
cuivert outfaii, ditch, wetiand, iake, river, or fioodpiain), there is a potentiai risk of scour at the toe. 
This risk must be anaiyzed and mitigated for design and construction. 

Where thin drainage paneis are used behind waiis and saturated or moist soii behind the paneis 
may be subjected to expansion due to freezing, either insuiation shaii be provided on the waiis to 
prevent freezing of the soii, or the waii shaii be designed for the pressures exerted on the waii by 
frozen soii. 

3.7.6 Seismic Anaiysis for Retaining Waiis and Reinforced Soii Systems 

Section 6.10 of this TM presents procedures for deveioping dynamic soii pressures for seismic 

anaiysis and designing retaining waiis. 

3.7.7 Settiement and Horizontai Deformation / Movement Toierances 

Settiement issues, especiaiiy differentiai settiement, are of primary concern in the seiection of 
waiis. Some waii types are inherentiy fiexibie and toierate more settiement without poor structurai 
performance. Other waii types are inherentiy rigid and cannot toierate much settiement. The 
totai and differentiai verticai deformation of a retaining waii shaii be smaii for rigid gravity and 
semigravity retaining waiis and shaii meet structurai and track movement toierance requirements. 

Retaining waii and abutment structures shaii be investigated for excessive verticai and iaterai 
dispiacement, and overaii stabiiity at the service iimit state. Toierabie verticai and iaterai 
deformation iimits for retaining waiis and abutments shaii be deveioped from the structurai 
engineering design and performance criteria based on the function and type of waii, design- 
service iife (100 years), and consequences of unacceptabie movements to the waii, tracks, and 
any potentiaiiy affected, nearby structures, i.e., both structurai and aesthetic. 

Verticai waii movements are primariiy the resuit of soii settiement beneath the waii foundation. 
The provisions of AASHTO Section 10 shaii appiy for anaiyticai methods to estimate verticai waii 
movements. For gravity and semi-gravity waiis, iaterai movement estimates shaii be assessed 
resuiting from a combination of differential vertical settlement between the heel and the toe of the 
wall and the rotation necessary to develop active earth-pressure conditions. Tolerable total and 
differential vertical deformations for a particular retaining wall are dependent on the ability of the 
wall to deflect without causing damage to the wall elements or adjacent structures, or without 
exhibiting deformations that are unsightly and/or affect wall performance. Regarding impact to 
the wall itself, differential settlement along the length of the wall and to some extent from front to 
back of wall is the best indicator of the potential for retaining wall structural damage or overstress. 
Wall facing stiffness and ability to adjust incrementally to movement affect the ability of a given 
wall system to tolerate differential movements and shall be evaluated by the geotechnical 
engineer. 

For MSE walls, deflections shall be estimated in accordance with the provisions of AASFITO 
Section 11. MSE walls have the greatest flexibility and tolerance to total and differential vertical 
settlement, followed by prefabricated modular gravity walls. RSSs are also inherently flexible. 
For MSE walls, the facing type used can affect the ability of the wall to tolerate settlement and 
shall be evaluated by the geotechnical engineer. Other factors to be considered include MSE 
wall configuration and timing of facing construction. 

Semigravity (cantilever) walls and rigid gravity walls have the least tolerance to settlement. In 
general, total settlement for these types of walls shall be limited to approximately 1 inch or less. If 
very weak soils are present that will not support the wall and are too deep to be overexcavated, 
or if a deep failure surface is present that results in inadequate slope stability, a wall type shall be 
selected that is capable of using deep-foundation support and/or anchors. In general, MSE walls, 
prefabricated modular gravity walls, and some rigid-gravity walls are not appropriate for these 
situations. Walls that can be pile-supported, such as concrete semigravity cantilever walls, 
nongravity cantilever walls, and anchored walls, are more appropriate for these situations. For 
anchored walls, downward movement can cause significant stress relaxation of the anchors and 
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shall be considered for design. Anchored waii defiections shaii be estimated in accordance with 
the provisions of AASHTO Section 11. 

In evaiuating settiement of retaining waiis whose backfiii supports train tracks, consideration shaii 
be given to the time rate of settiement. To avoid excessive defiections in the track, track 
structures shaii not be constructed untii the majority of expected retaining waii settiement has 
aiready occurred and has been monitored and documented. In some cases, this may necessitate 
the use of added construction measures to expedite settiement such as surcharging or wick 
drains. 

3.7.8 Design of Reinforced Soii Siopes (RSS) and Mechanicaiiy Stabiiized Earth (MSE) 
Structures 

Definitions for RSS embankments and MSE structures, as weii as step-by-step design 
methodoiogy and anaiyses that shaii be used for MSE and RSS systems, are provided in the 
LRFD version of FHWA manuai FHWA-NHI-10-024/25 "Design and Construction of Mechanicaiiy 
Stabiiized Earth Waiis and Reinforced Soii Siopes," Voiumes I and II, dated November 2009. 
The RSS and MSE manuals also provide instructions for computer-aided analysis that shall be 
used for design. Numerous facing systems and geosynthetic reinforcements are available; 
however, embedded metallic-strip reinforcing elements shall not be used since they are 
potentially susceptible to stray current corrosion that causes significant loss of section over the 
life of infrastructure-supporting track. The embankment fill may be either granular or cohesive 
material; however, granular fill materials are preferable and may be necessary in order to meet 
the various requirements. 

Advantages of using MSE and RSS systems are that embankments and slopes can be 
constructed at an angle steeper than could otherwise be safely constructed with the same soil 
(with the existence of a firm foundation). This results in savings of materials and right-of-way. 
Right-of-way savings can be a substantial benefit, especially for CHSTP construction in urban 
areas where acquiring new right-of-way is expensive or, in some cases, unobtainable. 

The following general limitations may be associated with MSE and RSS systems, and should be 
accounted for in design and construction: 

• Suitable design criteria are required to address corrosion of steel-reinforcing elements, 
deterioration of geosynthetic elements due to exposure to ultra violet rays, chemical 
attack, heat and other potentially degrading elements in the ground. See FHWA 
reference manual FHWA-NHI-00-044 “Corrosion/Degradation of Soil Reinforcements for 
Mechanically Stabilized Earth Walls and Reinforced Soil Slopes,” dated September 2000. 

• Since certain systems require select granular fill, they may become uneconomical if 
granular borrow sources are not readily available. 

• Maintenance of vegetation (e.g., grass mowing) on steep side slopes may require special 
equipment. 

Reinforcement placed at the edges of a compacted slope provides lateral resistance during 
compaction. The increased lateral resistance allows for an increase in compacted soil density 
over that normally achieved and provides increased lateral confinement for the soil at the face. 
Even modest amounts of reinforcement in compacted slopes have been found to prevent 
sloughing and to reduce slope erosion. Edge reinforcement also allows compaction equipment to 
more safely operate near the edge of the slope. The effects of compaction on the performance of 
MSE systems is described in FHWA 132036A- Earth Retaining Structures. 

The CHSTP may include non-standard proprietary wall systems (such as MSE) and non-standard 
non-proprietary wall systems (such as soil nail walls, anchored walls, reinforced slopes, etc.). 

Standard walls may not be the most cost-effective option. Proprietary walls provide more options 
in terms of cost effectiveness and aesthetics. Non-standard walls that may involve elements 
such as soil nail and anchored wall systems are acceptable, provided that requirements are met. 
Reinforced slopes are similar to non-standard / non-proprietary walls in terms of their design 
process. For preliminary design of these wall or slope systems, required information to be 
provided is as follows: 
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• The allowable bearing capacity and foundation embedment criteria for the waii 

• Backfiii and foundation soii properties (assume that gravei borrow or structurai backfiii 
matehai wiii be used for the waiis when assessing soii parameters) 

• A generai waii and/or siope pian, a profiie showing neat iine top and bottom of the waii, 
profiies showing the existing and a finai ground iine in front of and in back of the waii, site 
data, and a typicai cross section 

• Location of right-of-way iines and other constraints to waii/siope construction 

• Location of adjacent existing and/or proposed structures, utiiities, and obstructions 

• Generic detaiis for the desired appurtenances and drainage requirements, and ioad or 
other design acceptance requirements for these appurtenances 

• Location of catch basins, grate iniets, signai foundations, and the iike (it is best to iocate 
these outside the reinforced MSE waii backfiii zone to avoid interference with the soii 
reinforcement) 

• In cases where confiict with these reinforcement obstructions cannot be avoided, indicate 
the iocation(s) and dimensions of the reinforcement obstruction(s) reiative to the waii on 
the pians 

• Waii/siope-facing aiternatives to meet the CHSTP aesthetic and performance 
requirements 

For non-proprietary RSSs, anchored waiis, waiis containing geo-synthetics, and soii naii waiis, the 
designer shaii initiate the design effort and deveiop waii/siope profiies, preiiminary engineering 
pians, cross sections, quantities, speciai provisions, cost estimates etc., for the proposed 
waii/siope and subsequentiy a compiete and detaiied waii/siope design and construction to be 
coordinated and carried out during finai design. 

3.7.9 Wall Foundation Improvement Needs Using Ground-Improvement Methods 

At iocations where poor ground conditions are present that couid resuit retaining waiis or 
abutment features to not meet requirements due to settiement or stabiiity probiems, advanced 
mitigation measures such as ground improvement shaii be considered for geotechnicai design. 
Ground improvement measures may aiso be necessary to mitigate potentiai seismic hazards, 
such as iiquefaction or seismic stabiiity. 

Ground improvement has one or more of the foiiowing main functions, inciuding: 

• Increasing bearing capacity, shear or frictionai strength 

• Increasing density 

• Controiiing or reduce deformations 

• Acceierating consoiidation 

• Decreasing imposed ioads 

• Providing iaterai stabiiity 

• Forming seepage cutoffs or fiiiing voids 

• Increasing resistance to iiquefaction 

• Transferring embankment ioads to more competent iayers 

The seiection of candidate ground improvement methods for any specific project shaii foiiow the 
process described in detaii in the FHWA Ground Improvement Reference Manuals, Volumes I 
and II, FHWA-NHI-06-019/020, dated 2006. A brief summary list of the sequential selection 
process (derived from the FHWA manual) is provided as follows: 

1. Identify potential poor ground conditions, their extent and type of negative impact. Poor 
ground conditions are typically characterized by potentially compressible foundation soils 
which under load would cause unacceptable settlement or instability. 

2. Identify and establish performance requirements. Performance requirements generally 
consist of deformation limits (horizontal and vertical), as well as some minimum FOS for 
stability. The available time for construction is also a performance requirement. 

3. Identify and assess any space or environmental constraints. Space constraints typically 
refer to accessibility for construction equipment to operate safely, and environmental 



Page 39 






California High-Speed Train Project 


Geotechnical Analysis and Design Guidelines, R1 


constraints may include the disposal of spoils (hazardous or otherwise) and the effect of 
construction vibrations or noise. 

4. Assessment of subsurface conditions. The type, depth, and extent of the poor soiis must 
be considered as weii as the iocation of the groundwater tabie. It is further vaiuabie to 
have at ieast a preiiminary assessment of the shear strength and compressibiiity of the 
identified poor soiis. 

5. Preiiminary seiection of potentiaiiy appiicabie method(s) is generaiiy made on a 
quaiitative basis taking into consideration the performance criteria, iimitations imposed by 
subsurface conditions, scheduie and environmentai constraints, and the ievei of 
improvement that is required. 

6. A preiiminary design is deveioped for each method identified under Preiiminary Seiection, 
and a cost estimate is prepared on the basis of avaiiabie data. The guidance in 
deveioping preiiminary designs is contained within technicai summary sections of the 
FHWA manuai. 

7. The seiected methods are then compared, and a seiection is made by considering 
performance. 

3.7.10 Lateral Support of Temporary Excavation Systems 

This section wiii be prepared for use during the finai design phase. 

3.8 Slopes 

3.8.1 Overview 

This section addresses the anaiysis and design of siopes, inciuding cut siopes, fiii siopes 
(embankment siopes), iandsiides, and naturai siopes. In addition to the provisions herein, sioped 
excavations shaii be designed and constructed in accordance with any and aii iocai, state, and 
federai reguiations, inciuding but not iimited to Occupationai Safety and Heaith Administration 
(OSHA) and Cai/OSHA requirements. 

The provisions contained herein supersede any siope anaiysis and design provisions contained in 
TM 2.6.7. 

3.8.2 Qualifications 

The anaiysis and design of existing siopes, iandsiides, and permanent cut siopes shaii be 
performed in a joint effort by a Caiifornia Certified Engineering Geoiogist (CEG) and Registered 
Geotechnicai Engineer (GE). The CEG shaii oversee the deveiopment of surficiai and 
subsurface geoiogic structure, stratigraphy, and hydrogeoiogic conditions. The GE shaii oversee 
the deveiopment of the soii and rock engineering parameters and shaii oversee the stabiiity 
anaiyses. The CEG and GE shaii work cooperativeiy to assure consistency and continuity in the 
evaiuations. 

Anaiysis and design of new fiii siopes and embankments on reiativeiy ievei ground do not require 
the invoivement of a CEG, but the geotechnicai reports must meet signature requirements of TM 
2.9.2. 

3.8.3 Slopes Requiring Evaluation 

Siope stabiiity shaii be evaiuated where any of the foiiowing conditions are present: 

• Where siope stabiiity reiated geoiogic hazards are present as defined in TM 2.9.3. 

• Soii and sedimentary rock siopes steeper than 5H:1 V and igneous and metamorphic rock 
siopes steeper than 3H:1 V, and any fiatter siope where the foiiowing adverse conditions 
couid exist: 

o Where there is a potentiai that adverseiy oriented and kinematicaiiy unstabie 
geoiogic joints, bedding, or slip surfaces are potentiaiiy weak 
o Where evidence of prior iandsiiding is present (see TM 2.9.3 for evaiuation 
guideiines) 

o Where quick or sensitive day conditions are present 
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o Where liquefaction-related lateral spreading conditions are present, they shaii be 
evaiuated using the methods described in Section 6.10 
o Any other conditions that the GE or CEG feei warrants siope stabiiity evaiuations 

With respect to the iocation of a siope reiative to the project right-of-way, the foiiowing criteria 
shaii be used to assess when siope stabiiity evaiuations are required: 

• Where the movement of a potentiai siide mass either directiy or indirectiy couid affect 
HST faciiity operations or integrity, for exampie, where a siope faiiure siide mass couid 
intersect or enveiop tracks, stations, or appurtenant faciiities 

• Where instabiiity of slopes away from the HST facilities couid impact operations or 
integrity, for exampie, iandsiides, debris fiows or rockfaiis that may originate away from 
HST faciiities, but that couid be deposited within SHT faciiities 

3.8.4 Design and Analysis 

The foiiowing sections provide requirements for design and anaiysis of soii and rock siopes. 
Static siope stabiiity anaiysis shaii be considered in the Service 1 ioad case. Siope performance 
is expected to be such that normai operation of the HST faciiities is maintained. Requirements 
for seismic anaiysis and design of siopes are provided in Section 6.10 of this TM. 

3.8.4.1 Loads, Unit Weight, and Surcharges 

Where structures, trains or other non-earth materiais are present within a siope area, their 
corresponding surcharge ioads shaii be inciuded in siope stabiiity anaiysis. Loading shaii be 
estabiished in accordance with TM 2.3.2. Soii ioads shaii be taken at their nominai vaiues; no 
ioad factors are appiied to soii in siope stabiiity anaiyses. 

3.8.4.2 Slope Stability Analysis Methods 

Anaiysis methods for soii and rock are presented beiow. In some cases, geomateriais may 
exhibit behavior that is intermediate between soii and rock. Such materiais are sometimes 
referred to as intermediate geomateriais (IGM). Since siope stabiiity methods specific to IGMs 
are not generaiiy avaiiabie, both soii and rock methodoiogies shaii be appiied for IGMs, and the 
most conservative resuit shaii govern design. 

3.8.4.2.1 Soil 

Static soii siope stabiiity shaii be evaiuated by caicuiating a EOS using iimit equiiibrium 
procedures with the method of siices. Permissibie methods of iimit equiiibrium anaiysis inciude 
Spencer’s (1967) for any siip surface shape, and Tayior’s (1937) or modified Bishop’s (1955) for 
circuiar siip surfaces. Both circuiar and non-circuiar potentiai faiiures surfaces shaii be 
considered in the anaiyses. Search routines shaii be used to find the siip surface with the iowest 
EOS. The siip surface with the iowest EOS is considered the “criticai siip surface.” Siip surfaces 
with EOS greater than the criticai siip surface shaii aiso be reviewed and considered in the 
design. Wideiy used and weii-vaiidated computer programs for siope stabiiity anaiysis shaii be 
used such as Siide by Rocscience, SLOPEAA/ by GEO-SLOPE Internationai, XSTABL, UTEXAS3 
by the University of Texas, or other equivaient software. 

The FOSs may aiso be caicuiated using finite eiement or finite difference methods that empioy 
the cp-c (strength) reduction method (Dawson et ai., 1999). However, conventionai method of 
siices iimit equiiibrium methods must be run in conjunction with cp-c reduction anaiyses. The cp-c 
reduction method does not require an assumed siip surface (as does the method of siices), which 
can be advantageous when subsurface stratigraphy or other factors couid iead to siip surfaces 
with irreguiar geometry. 

Infinite siope stabiiity anaiyses shaii be performed for soii siopes where shaiiow (6 feet or iess) 
downsiope seepage paraiiei to the siope face couid deveiop. Such a hydrogeoiogic condition 
couid resuit where a shaiiow iayer is underiain by a iess permeabie iayer (i.e., residuaiiy 
weathered soii over bedrock), and rainfaii potentiai or temporary submergence is sufficient to 
saturate the iess permeabie iayer. Infinite siope stabiiity anaiyses shaii be conducted in 
accordance with the anaiyticai methods presented in Section 5.5 of FHWA (2005). 

3.8.4.2.2 Rock 
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For the purpose of slope stability anaiysis, rock siopes are characterized herein by groups based 
on the anisotropic or isotropic characteristics of the rock mass. Therefore, the first step in 
anaiysis of the rock siope is to estabiish if the rock mass is anisotropic or isotropic. 

The first group assumes the rock mass consists of heterogeneous rock masses with structurai 
anisotropic systems of reiativeiy reguiar discontinuities in the form of joint sets, bedding, fissures, 
or foiiation. The strength and siope stabiiity of these types of rock masses is typicaiiy controiied 
by the discontinuities, and anaiyticai techniques for siope stabiiity assessment shaii consider the 
kinematic stabiiity of biocks or groups of biocks siiding upon the discontinuities, or toppiing. Limit 
equiiibrium methods that caicuiate a FOS shaii be used. These anaiyses shaii consider biocks 
that are kinematicaiiy permissibie as evaiuated by the Markiand (1972) method, biock theory 
(Goodman and Shi 1985) or rock siope engineering techniques described by Hoek and Bray 
(1981) and Wyiiie and Mah (2004). If computer software is used for rock siope stabiiity anaiyses, 
it shaii be weii vaiidated and wideiy accepted. 

The second group assumes the rock mass consists of homogeneous and isotropic rock masses 
with irreguiar and/or cioseiy spaced discontinuities that do not have weii defined systematic 
pianes of weakness. The evaiuation of the stabiiity of these types of siopes shaii be based on the 
non-circuiar iimit equiiibrium techniques described above for soii, except that a suitabie rock 
strength modei shaii be used such as Generai Hoek-Brown criterion (Hoek et ai., 2002; Wyiiie 
and Mah, 2004; Hoek, 2010). 

Where rock siopes existing upsiope of HST faciiities and have the potentiai to shed rock pieces 
over time, an evaiuation of the rock faii hazard shaii be performed in accordance with the 
procedures outiined in the FHWA and Oregon DOT (2001) Rockfaii Catchment Area Design 
Guide. Computer programs that modei rockfaii physics such as the Coiorado Rockfaii Simuiation 
Program (CRSP III) or RocFall (by RocScience), or other equivalent software, may be used in 
conjunction with the FWHA procedures. Rockfaii catchment basin width and inclination shall be 
designed to retain 99% of fallen rocks. If right-of-way is not available to size catchment basins to 
achieve 99% rockfaii retention, additional mitigation measures such as rockfaii protection walls, 
wire mesh, cable drape, or catchment fences shall be used in the design. In areas where rock fall 
is a critical problem, a railway slide fence with electronic warning system shall be installed in 
conjunction with an appropriate catchment ditch and rock fall retention system described above. 
Other warning systems for rockfaii events that may be considered are as follows: 

1. Acoustic sensing 

2. Electromagnetic sensing 

3. Seismic sensing 

4. Visual sensing, using cameras 


3.8.4.2.3 Input Data and Parameters 

Input data and parameters used in slope stability analyses for both soil and rock shall take into 
consideration geology, groundwater and rainfall, and proposed geometry/topography. Soil 
engineering parameters shall be developed for use in slope stability analyses in accordance with 
Section 6.2 of this TM. 

When available, empirical or historical data and direct observation within the geologic unit on the 
past performance of similar slopes shall be considered in slope stability evaluations. In particular, 
when assessing existing landslides, shear strength parameters back-calculated from previous 
failures shall be considered. 

Drained or undrained shear strength parameters shall be selected, depending on the rate of 
loading and the permeability characteristics of the soil or rock. In general, undrained strengths 
should be used for relatively short-term loads and end-of-construction cases. Long-term stability 
should generally use drained strengths. In the analysis of existing landslides, residual shear 
strengths shall be used for existing landslide slip planes. FHWA (2005) Section 4 should be 
consulted for additional guidance on the selection of shear strength parameters. 

3.8.4.2.4 Minimum Factors of Safety 
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The FOSs calculated with the methods above for soil and rock shall meet the following minimum 
requirements. For the Service 1 static siope stabiiity case, the FOS is simpiy the inverse of the 
resistance factor (cp); FOS=1/cp. 

Siopes shaii be designed so that the minimum FOS of any siip surface (or cp-c reduction 
scenario) is 1.3 or greater for short-term construction cases and 1.5 or greater for iong-term static 
cases. If a siope must be designed to meet the standards of another agency, such as a city, 
county, or right-of-way hoider that has more stringent requirements, then the more stringent 
requirement shaii govern. 

Short-term construction cases couid inciude: 

• Sidewaiis of sioped temporary excavations 

• Temporary surcharge fiii siopes 

• Temporary back cuts 

• The end of fiii piacement (sometimes referred to as the end of construction case) for fiiis 
over fine-grained foundation soiis that wiii behave undrained or partiaiiy undrained during 
construction, and wiii gain strength over time 

• Construction stages prior to the end of construction if the staging is such that an 
intermediate stage couid be criticai. Such conditions couid arise when significant 
consoiidation of fined-grained soiis is aiiowed to occur between stages 

3.8.5 Requirements for New Slopes 

New fiii siopes in soii shaii be no steeper than 2H:1V. If 2H:1V slopes cannot be achieved 
because of geometric and/or right-of-way restrictions, the design will likely have to incorporate 
retaining walls. 

Limitations on the inclination of rock slopes and cut slopes in soil are not imposed. Maximum 
inclinations shall be established based on achieving the minimum FOS and rockfall protection 
requirements described earlier. 

For soil cut slope configurations over 30 feet in height, designs shall include mid-slope benches 
for purposes of drainage and of facilitating future access for maintenance reasons. Slope 
benches are typically 6 feet wide with 6% gradient toward the low end of the cut slope, and 
include a lined gutter channel at the drainage surface. For deep cut slopes in soil, slope benches 
shall be laid out on average of every 30 feet in height (allowance from 26- to 32-foot range is 
considered acceptable) and shall be connected to the surrounding ground surface for access. 

3.8.6 Landslides 

Evaluations of the stability of landslides require special attention and specialized techniques. 
Geomorphic evidence of landsliding shall be evaluated through examination of a series (different 
years) of aerial photographs (preferably stereographic, if available), geologic/landslide hazard 
maps, and topographic maps. 

The method of analyses shall first take into consideration the style of slope failure that has 
occurred in the formation to be analyzed as well as the recognized behavior of that formation. 
Soil and rock engineering parameters shall also consider the proven performance values for the 
subject formations. Locating the slip surface is a critical step in the characterization of a 
landslide. Techniques that shall be considered for locating slip surfaces include surficial 
mapping, down-hole logging of large diameter borings, continuous sampling of borings, and 
monitoring with inclinometers. Slope stability analyses conducted for landslides shall consider 
sliding along the existing slip surface as well as sliding upon potential new slip surfaces. 

Shear strength parameters for the stability analyses of landslides shall be based on the shear 
strength along the existing slide plane. The shear strength along an existing slide plane can be 
significantly lower than that of the surrounding intact soil or rock, because slippage has resulted 
in residual strength and slickensides (reorientation of grained-soil particles that decreases 
frictional resistance). Shear strength parameters used in landslide analyses shall consider values 
back-calculated from slope stability analysis of the pre-slide configuration and groundwater 
conditions. Back-calculated values should be compared with data obtained from laboratory 
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testing. In performing iaboratory testing to evaiuate shear strength of a iandsiide siip surface, the 
shearing shaii be performed aiong a pre-sheared surface using either a direct shear or ring shear 
test. It is preferabie that the pre-sheared surface be that of the actuai iandsiide siip surface, such 
that the iaboratory specimen is prepared from a biock sampie taken directiy from the siide piane 
in a iarge-diameter boring. If this is not possibie, then an intact specimen can be used that is pre¬ 
cut aiong the siip surface with a knife prior to shearing. The shear test dispiacement shaii be 
iarge enough such that no appreciabie reduction in shearing resistance occurs with additionai 
shearing (residuai strength condition is achieved). With the direct shear apparatus, this typicaiiy 
invoives repeated cycies of shear, with the shear strength piotted against the aggregate of the 
unidirectionai shear dispiacement. Further background on these procedures can be found in 
Biake et ai. (2002). 

Additionai guidance on the evaiuation of iandsiides is provided in FHWA (2005). 

3.8.7 Seismic Anaiysis for Design of Siopes 

Seismic anaiysis and design of siopes shaii be performed in accordance with Section 6.10 of this 
TM. 

3.8.8 Siope Deformations 

The potentiai for siope deformation shaii be considered in the design. The potentiai mechanisms 
of deformation inciude settiement because of consoiidation or compression, settiement because 
of coiiapse upon wetting, shrink and sweii caused by changes in moisture content, and creep- 
type shear dispiacement. Section 6.6.11 of this TM addresses settiement due to consoiidation 
and compression. 

The potentiai for shrink and sweii resuiting from changes in moisture content and/or stress shaii 
be addressed in design of cut siopes. Anaiysis shaii be conducted to assure that movements due 
to shrink and sweii are iess than the maximum dispiacements permitted for the project. Removai 
of expansive soii or rock and repiacement with non- or very iow-expansive materiai shaii be 
performed as needed to meet maximum aiiowabie dispiacement criteria. Constraints on 
acceptabie fiii materiai types described in Section 6.6 of this TM are such that shrink and sweii 
shouid not pose a probiem for fiii siopes and embankments. 

Creep-type shear dispiacements occur in the downward direction of many siopes and are 
typicaiiy characterized dispiacement rates on the order of 1 inch per year or iess. Creep may 
occur in a reiativeiy shaiiow zone (i.e., the upper 5 to 10 feet) because of the effects of seasonai 
wetting/drying or freeze/thaw cycies. Deeper-seated creep movement can occur in association 
with historic, prehistoric, or incipient iandsiides. In existing siopes, creep may be observed by 
siope inciinometer measurements, or may be evidenced by tiited or curved trees. Creep potentiai 
shaii be considered in siope stabiiity design, particuiariy when evidence of creep is observed in 
the fieid, or where past experience has shown site soii or rock to be creep prone. Where creep 
movements couid resuit in adverse effects to HST faciiities, mitigation methods shaii be empioyed 
in the design. 

3.8.9 Drainage and Erosion Controi for Siopes 

Drainage provisions and permanent erosion controi faciiities to iimit erosion (inciuding soii erosion 
and rock siope degradation) are required for design of cut siopes. Surface drainage shaii be 
accompiished through the use of drainage ditches and berms iocated above the top of the cut, 
around the sides of the cut, and at the base of the cut. Erosion controi for cut and fiii siopes shaii 
be performed in accordance with Section 6.6.10 of this TM. 

3.8.10 Slope Stability Mitigation Methods 

Where the minimum required FOS cannot be achieved or the aiignment cannot be reiocated 
away from unstabie siopes, measures to enhance siope stabiiity or mitigate the effects of 
potentiaiiy unstabie siopes are warranted. In addition to the discussion beiow. Section 9 of 
FHWA (2005) shaii be used as guidance for siope stabiiity mitigation methods. Methods of siope 
stabiiity mitigation not described herein or in FHWA (2005) may be considered provided they can 
be proved effective through anaiysis and previous experience. 
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Subsurface drainage can enhance slope stability by reducing pore water pressures and 
increasing effective stress, and by reducing the driving stresses from saturated soiis and water- 
fiiied cracks. Methods of subsurface drainage for siope stabiiization inciude horizontai drains, 
weiis, and trench drains. For iong-term appiications, passive (gravity fiow) forms of drainage 
such as horizontai drains and gravity fiow trenches are generaiiy preferred over active systems 
such as weiis that require pumping. 

Unstabie siopes can be mitigated through removai of the weak and unstabie materiai and through 
repiacement with a suitabie compacted fiii. This removai and repiacement method is typicaiiy 
combined with the instaiiation of subsurface drainage measures. Siope stabiiity can be enhanced 
through grading that reduces the driving forces and/or increases the resisting forces. Buttresses 
constructed in the toe area of as siope can utiiize weight and higher shear strength to increase 
resisting forces. Driving forces can be reduced by removai of materiai near the top of the siope. 

Siope stabiiity enhancements couid inciude adding structurai inciusions such as soidier piies, soii 
naiis, anchors, doweis, or geosynthetics. The efficacy of any siope stabiiity mitigation method 
shaii be demonstrated through stabiiity anaiyses using the iimit equiiibrium methods described 
eariier. 

For cases where debris fiow-type faiiures from existing naturai siopes couid impact HST faciiities, 
debris fiow diversion waiis may be considered as a mitigation method. Cuiverts that are fed by 
drainages and tributaries shouid be sized with consideration for debris fiow potentiai. Debris-fiow 
diversion waiis shaii be designed to withstand the impact from debris fiows and to controi and 
redirect them such that there is no adverse impact to HST faciiities. 

3.9 Ground Improvement 

Ground improvement shaii be considered as a design aiternative for conditions such as, but not 
iimited to, the foiiowing: 

• As an aiternative to deep foundations where poor (i.e., compressibie, weak, iiquefiabie) 
soiis are present 

• Mitigation of excessive settiements due to soft and/or compressibie soiis 

• Siope stabiiization 

• Liquefaction mitigation 

• Expedite settiement by enhanced drainage 

• Make soii iess permeabie 

• Improve ground behavior for tunneiing 

• Temporary support (underpinning) for existing foundations 
Methods of ground improvement generaiiy consist of the foiiowing: 

• Verticai drains 

• Vibro-compaction 

• Deep dynamic compaction 

• Stone coiumns 

• Compaction grouting 

• Jet grouting 

• Permeation grouting 

• Deep soii mixing 

Ground improvement design shaii be performed in accordance with FHWA (2006) “Ground 
Improvements Reference Manual, Volumes 1 and 2, FHWA-NHI-06-019 and FHWA-NHI-06-019.” 
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Any ground improvement program shall be reviewed and approved by the program management 
team (PMT). Ground improvement shaii be designed to achieve performance requirements with 
respect, giobai stabiiity, bearing capacity, and settiement. The ground improvement design shaii 
inciude a construction quaiity assurance program that specifies fieid observation and testing 
methods necessary to verify the design objectives are achieved. 

3.10 Geotechnical Earthquake Engineering 

3.10.1 Seismic Anaiysis and Design Requirements 

This section presents anaiysis and design requirements for geotechnicai earthquake engineering 
aspects of the CHSTP. Topics covered in this section inciude design ground motions, 
iiquefaction triggering and consequences, iaterai spreading, seismic siope stabiiity, seismic earth 
pressures for retaining waiis, seismic foundation design, and seismic compaction. 

Some aspects of geotechnicai earthquake engineering may overiap with geoiogic hazards and 
seismic design issues that are addressed by other CHSTP TMs. 

3.10.2 Seismic Design Criteria 

Seismic design criteria for geotechnicai earthquake engineering have been estabiished in terms 
of two ieveis of project performance criteria and associated ground motion ieveis in TM 2.10.4. 

Geotechnicai seismic design shaii be consistent with the phiiosophy for structure design for the 
two performance ieveis. The performance objective shaii be achieved at a seismic risk ievei that 
is consistent with the seismic risk ievei required for that seismic event. Siope instabiiity and other 
seismic hazards such as iiquefaction, iaterai spread, post-iiquefaction piie downdrag, and seismic 
movement/settiement may require mitigation to ensure that acceptabie performance is obtained 
during a design seismic event. The geotechnicai designer shaii evaiuate the potentiai for 
differentiai movement/settiement between mitigated and non-mitigated soiis. Additionai 
measures may be required to iimit differentiai movement/settiements to toierabie ieveis both for 
static and seismic conditions. The foundations shaii aiso be designed to address iiquefaction, 
iaterai spread, and other seismic effects to prevent coiiapse. Aii earth-retaining structures shaii 
be evaiuated and designed for seismic stabiiity internaiiy and externaiiy (i.e., siiding and 
overturning). Cut siopes in soii and rock, fiii siopes, and embankments, especiaiiy those which 
couid have significant impact on the operations of HSTs shouid be evaiuated for instabiiity due to 
design seismic events and associated geoiogic hazards. 

3.10.3 Design Ground Motions 

Methods to deveiop design ground motions for this project which are appiicabie to geotechnicai 
earthquake engineering are presented in TM 2.9.6 for 30% design. Methods to deveiop design 
ground motions for finai design have not been prepared at this time. 

3.10.4 Site Response and Ground Ampiification 

Methods to perform site-specific site response anaiysis, where needed, are presented in TM 2.9.6 
for the 30% design. 

3.10.5 Limits on Site Response Anaiyses 

Limits on site response anaiyses are presented in TM 2.9.6 for 30% design. 

3.10.6 Seismic Soii-Structure interaction Anaiysis 

Requirements for soii-structure interaction pertaining to soii-structure-interaction (SSI) anaiyses 
are pending. 

3.10.7 Liquefaction Triggering and Consequences 

Evaiuation of soii iiquefaction triggering potentiai shaii be performed in two steps. The first step 
invoives evaiuating whether the soii meets the compositionai criteria necessary for iiquefaction. 
For soiis meeting the compositionai criteria, the next step is to evaiuate whether the design ievei 
ground shaking is sufficient to trigger iiquefaction given the soii’s in-situ density. If it is assessed 
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that liquefaction wiii be triggered, the engineering consequences of iiquefaction shaii be 
evaiuated. In addition to triggering criteria for iiquefaction, the designer shaii aiso consider the 
aiiowabie deformation vaiues described in Section 6.3.5 of this TM and the iong-term, post¬ 
construction performance requirements for earth and fiii conditions. 

3.10.7.1 Compositional Criteria for Liquefaction Susceptibility of Silty and Clayey Soils 

Evaiuation of whether siity and ciayey soiis meet the criteria for iiquefaction susceptibiiity shaii be 
performed primariiy using the criteria deveioped by Bray and Sancio (2006) and compared to 
resuits by anaiysis using the methods presented in Idriss and Bouianger (2008). Resuits of these 
two methods of anaiyses shaii be interpreted and appiied to design using engineering judgment. 
According to Bray and Sancio (2006), fieid-based methods for iiquefaction triggering can be used 
for siity and ciayey soiis with PI < 12. Using the above criteria in evaiuation of iiquefaction 
triggering at the 30% design ievei potentiaiiy inciudes some conservatism. Therefore, for 
transitionai soiis, it is recommended to perform "undisturbed" sampiing and cyciic testing to 
characterize these transitionai soiis in cases where the design and its costs are significantiy 
affected by this evaiuation in iater stages of design. 

For fine-grained soiis (especiaiiy soiis that are potentiaiiy sensitive) that do not meet the above 
criteria for iiquefaction, cyciic softening resuiting from seismic shaking shaii be performed. 
Considering the range of criteria currentiy avaiiabie in the iiterature, geotechnicai engineers shaii 
consider performing cyciic triaxiai or simpie shear iaboratory tests on undisturbed soii sampies to 
assess cyciic response for criticai cases. 

3.10.7.2 Criteria for Liquefaction Susceptibility of Gravels 

Gravei iayers bounded by iower permeabiiity iayers shaii be considered potentiaiiy susceptibie to 
iiquefaction, and their iiquefaction susceptibiiity shaii be evaiuated. A gravei iayer that contains 
sufficient sand to reduce its permeabiiity to a ievei near that of the sand, even if not bounded by 
iower permeabiiity iayers, shaii aiso be considered susceptibie to iiquefaction and its iiquefaction 
potentiai shaii be evaiuated as such. Fieid investigation methods appropriate for soii iayers 
containing graveis inciude Becker Hammer Penetration Test (BPT), Large Sampier Penetration 
Test (LPT), and smaii intervai SPT. Seed et ai. (2003) discusses different methods for 
performing iiquefaction anaiysis in coarse and graveiiy soiis. 


3.10.8 Liquefaction-Triggering Evaluations 

Liquefaction-triggering evaiuations shouid be performed for sites that meet both of the foiiowing 
two criteria: 

• The estimated maximum groundwater eievation at the site is within 75 feet of the existing 
ground surface or proposed finished grade, whichever is iower. 

• The subsurface profiie characterized in the upper 75 feet as having soiis that meet the 
compositionai criteria for iiquefaction with a measured SPT resistance, corrected for 
overburden pressure and hammer energy (Ni)6o-cs. less than 33 biows/foot, or a cone tip 
resistance qciN-cs of iess than 185, or a geoiogic unit is present at the site that has been 
observed to iiquefy in past earthquakes. 


CPT and/or CPTu (with pore water pressure measurement) shaii be used as the primary method 
of fieid investigation for iiquefaction anaiysis where it can be advanced without premature refusai. 
SPTs shaii be used as the primary iiquefaction evaiuation method where borings are performed. 
LPT, shear wave veiocity (Vs), or BPT shaii be used in soiis difficuit to test using SPT and CPT 
methods, such as graveiiy soiis. In addition, smaii intervai SPT (biow counts measured for every 
1 inch) shaii be used in graveiiy soiis. More rigorous, noniinear, dynamic, effective stress 
computer modeis may be used for site conditions or situations that are not modeiied weii by the 
simpiified methods. 



Page 47 





California High-Speed Train Project 


Geotechnical Analysis and Design Guidelines, R1 


3.10.8.1 Simplified Procedures 

The three simplified methods by Youd et ai. (2001), Seed et ai. (2003), and Idriss and Bouianger 
(2008) shaii be used for iiquefaction-triggering anaiysis for each boring and/or CPT. However, 
the Modified Chinese Criteria for ciayey soiis in the Youd et ai. (2001) method shaii not be used. 
Resuits in terms of FOS shaii be reported. Resuits of these anaiyses shaii be interpreted and 
appiied to design using engineering judgment. The foiiowing shouid be considered as guideiines 
to deveiop engineering judgment. 

If the FOS vaiues among the three methods are within 20% of each other, an average FOS shaii 
be reported for that particuiar boring and/or CPT. If the FOS values from these three methods 
are off by more than 20% and also have significant cost consequences, some additional work 
may be warranted, such as an assessment of what method best applies to this specific case, 
additional soil-specific field and laboratory testing, and review by an expert panel. 

The potential consequences of liquefaction and (if necessary) liquefaction hazard mitigation 
measures shall be evaluated if the FOS against liquefaction is less than 1.2. 

As an alternative to the simplified methods, to improve the assessment of liquefaction potential, 
especially at greater depths, if soft or loose soils are present, equivalent linear or nonlinear site- 
specific, one-dimensional site response analyses may be conducted to evaluate the maximum 
earthquake-induced shear stresses at depth in the Simplified Method. For example, the linear 
total stress computer programs ProShake (EduPro Civil Systems, 1999) or Shake2000 (Ordonez, 
2000) may be used for this purpose. Consideration should be given to the consistency of site- 
specific analyses with the procedures used to develop the liquefaction resistance curves. A 
minimum of seven spectrally matched time histories should be used to conduct these analyses. 
More specifics about site response analysis are presented in TM 2.9.6. 

3.10.8.2 Nonlinear Effective Stress Methods 

An alternative to the simplified procedures for evaluating liquefaction susceptibility is to complete 
a nonlinear, effective stress site response analysis utilizing a computer code capable of modelling 
pore water pressure generation and dissipation, such as D-MOD2000 (Matasovic, et. ai., 2007). 
This is a more rigorous analysis that requires additional parameters to describe the stress-strain 
behavior and pore pressure generation characteristics of the soil. 

It should be recognized that the results of nonlinear effective stress analyses can be quite 
sensitive to soil parameters that are often not as well established as those used in equivalent 
linear analyses. Therefore, it is incumbent upon the user to calibrate the model and to evaluate 
the sensitivity of its results to any uncertain parameters or modelling assumptions. Due to the 
highly specialized nature of these more sophisticated liquefaction assessment approaches, 
approval by the engineering management team’s (EMT’s) geotechnical engineer is required to 
use nonlinear effective stress methods for liquefaction evaluation. 

3.10.8.3 Liquefaction-Induced Movement/Settlement 

Both dry and saturated deposits of loose granular soils tend to density and settle during and/or 
following earthquake shaking. Methods to estimate movement/settlement of unsaturated granular 
deposits are presented in Section 6.10.14 of this TM. Liquefaction-induced total ground 
settlement of saturated granular deposits shall be estimated using at least two of these methods: 
Ishihara and Yoshimine (1992), Zhang et ai. (2002), Idriss and Boulanger (2008), and Cetin et ai. 
(2009). Other methods (i.e., more recently developed methods that are an improvement) may be 
used if justified and approved by the PMT. Where relatively closely spaced borings or CRTs are 
available (i.e., boring or CPT data are available at each structural support location), differential 
settlements can be estimated based on the settlements calculated for adjacent borings/CPTs. 
Where only sparse or widely-spaced borings or CPT data are available, differential settlement 
between two adjacent supports shall be assumed to one-half of the total settlement (Martin and 
Lew, 1999). The corrected SPT blow counts and CPT tip resistance values for estimating 
movements/settlements shall include all corrections, including the corrections for fines. However, 
the corrections for fines for settlement calculations are different than the corrections for 
liquefaction analyses. In addition, the cyclic stress ration (CSR) values shall also be corrected for 
magnitude before estimating settlements. If a laboratory-based analysis of liquefaction-induced 
settlement is needed, laboratory cyclic triaxial shear or cyclic simple shear testing may be used to 
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evaluate the liquefaction-induced verticai settiement in iieu of empiricai SPT- or CPT-based 
criteria. Even when iaboratory-based voiumetric strain test resuits are obtained and used for 
design, the empiricai methods shaii be used to quaiitativeiy check the reasonabieness of the 
iaboratory test resuits. 

It shouid be noted that aii of these estimates are free-field settiements, and structurai 
movement/settiements resuiting from soii iiquefaction are more important in most of the cases 
(Bray and Dashti, 2010). Structurai movement/settiements may aiso resuit from shear-induced 
movements. Hence, methods that are used for estimating iaterai ground movements may be 
required. 

The geotechnicai engineer shaii compare the estimated movement/settiement vaiues with the 
aiiowabie deformation vaiues described in Section 6.3.5 of this TM and deveiop mitigation pians 
described in Section 6.10.9 of this TM, if necessary. The designer shaii aiso consider the iong- 
term, post-construction performance requirements for earth-and-fiii conditions. 

3.10.8.4 Liquefied Residuai Strength Parameters 

Uniess soii-specific iaboratory performance tests are conducted as described iater in this section, 
residuai strengths of iiquefied soii shaii be evaiuated using at ieast two of these procedures: Seed 
and Harder (1990), Idriss and Bouianger (2008), Oison and Stark (2002), and Kramer and Wang 
(2011). Design iiquefied residuai shear strengths shaii be based on weighted average of the 
resuits; Ledezma and Bray (2010) may be used as a reference to seiect a reasonabie weighting 
scheme. Other methods for estimating iiquefied residuai shear strength (i.e., more recentiy 
deveioped methods that are an improvement) may be used if justified and approved by PMT. 
Resuits of iaboratory cyciic triaxiai shear or cyciic simpie shear testing may be used to evaiuate 
the residuai strength in iieu of empiricai SPT- or CPT-based criteria. Even when iaboratory- 
based test resuits are obtained and used for design, two of the above empiricai methods shaii be 
used to quaiitativeiy check the reasonabieness of the iaboratory test resuits. It shall be noted that 
SPT N fines content corrections for residual strength calculations are different than corrections for 
liquefaction triggering and settlement. 

3.10.8.5 Surface Manifestations 

The assessment of whether surface manifestation of liquefaction (such as sand boils, ground 
fissures, etc.) will occur during earthquake shaking at a level-ground site that is not within a few 
hundred feet of a free face shall be made using the method outlined by Ishihara (1985) and shall 
be compared against results by the method presented in Youd and Garris (1995). It is 
emphasized that settlement may occur, even with the absence of surface manifestation. The 
Ishihara (1985) method is based on the thickness of the potentially liquefiable layer (H 2 ) and the 
thickness of the non-liquefiable crust (Hi) at a given site. In the case of a site with stratified soils 
containing both potentially liquefiable and non-liquefiable soils, the thickness of a potentially 
liquefiable layer (H 2 ) shall be estimated using the method proposed by Ishihara (1985) and Martin 
et al., (1991). If the site contains potential for surface manifestation, then use of mitigation 
methods shall be evaluated. 

3.10.9 Evaluation of Lateral Spreading and Consequences 

Lateral spreading is a term commonly used to describe permanent, predominantly lateral 
deformation of sloping ground or level ground near a “free face”, such as a river bank, that occurs 
during earthquake shaking as a result of soil liquefaction. Its effects on structures can be 
devastating, because its occurrence has been observed in loose, medium-dense, and even 
dense soils. Deformations can range from millimeters to several meters, with the greatest 
displacements usually occurring near free faces. Therefore, facilities and structures adjacent to 
bodies of water (e.g., harbors, lakes, and rivers) are usually at the greatest risk of experiencing 
damage due to lateral spreading. The result of lateral spreading is typically horizontal movement 
of non-liquefied soils located above liquefied soils, in addition to the liquefied soils themselves. 

Lateral spreading shall be evaluated for a site if liquefaction is expected to trigger within 50 feet of 
the ground surface, and either a ground surface slope gradient of 0.1% exists or a free face 
conditions (such as an adjacent river bank) exists. Use Shamoto et al. (1998) as a method to 
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assess the maximum distance from the free face where iaterai spreading dispiacements couid 
occur. Historic and paieoseismic evidence of iaterai spreading is vaiuabie information that shaii 
aiso be reviewed and addressed. Such evidence may inciude sand boiis, soii shear zones, and 
topographic geometry indicating a spread has occurred in the past. 

3.10.9.1 Methodologies for Predicting Lateral Spreading 

If there is a free face condition, the post-iiquefaction fiow faiiure FOS of an earth siope or sioping 
ground shaii be estimated per Section 6.10.15.1 of this TM before estimating iiquefaction-induced 
iaterai movements. If the post-liquefaction stability FOS is less than 1.0 then empirical or 
analytical methods cannot generally be used to reliably predict the amount of ground movement. 

In order to predict the permanent deformations resulting from the occurrence of lateral spreading 
during earthquake loading, several methods of analyses are available. These different methods 
of analyses can be categorized into two general types: empirical methods and analytical 
methods. 

Empirical Methods 

The most common empirical methods to estimate lateral displacements are Youd et al. (2002), 
Bardet et al. (1999), Zhang et al. (2004), Faris et al. (2006), and Idriss and Boulanger (2008). 
Analysts shall be aware of the applicability and limitations of each method. Lateral displacements 
shall be evaluated using the Zhang et al. (2004) method and at least one of the other methods 
described above. 

Empirical methods shall be used as the primary means to estimate deformations due to lateral 
spreading. Multiple models shall be considered, and the range of results shall be reported. 

Analytical Methods 

For cases where slope geometry, structural reinforcement, or other site-specific features are not 
compatible with the assumptions of the empirical methods, the Newmark sliding block analyses 
shall be used. The Newmark analyses shall be conducted similar to that described in the seismic 
slope stability section, except that estimation of the yield acceleration (ky) shall consider strength 
degradation due to liquefaction. In addition, numerical methods using finite elements and/or finite 
difference approach may be used. 

The geotechnical engineer shall compare the estimated lateral spread values with the allowable 
deformation values described in Section 6.3.5 of this TM and develop mitigation plans described 
in Section 6.10.9 of this TM, if necessary. The designer shall also consider the long-term, post¬ 
construction performance requirements for earth-and-fill conditions. 

3.10.10 Analysis for Conceptual Design of Liquefaction Mitigation Methods 

Liquefaction mitigation and performance criteria vary according to the acceptable level of risk and 
required levels of performance for each structure type. Implementation of mitigation measures 
shall be designed to either eliminate all liquefaction potential or to allow partial improvement of 
the soils, provided that acceptable performance (i.e., stability and deformation levels) can be 
achieved. 

During the liquefaction evaluation, the engineer shall evaluate the extent of liquefaction and 
potential consequences such as bearing failure, slope stability, and/or vertical and/or horizontal 
deformations. Similarly, the engineer shall evaluate the liquefaction hazard in terms of depth and 
lateral extent affecting the structure in question. The lateral extent affecting the structure will 
depend on whether there is potential for large lateral spreads toward or away from the structure 
and the influence of liquefied ground surrounding mitigated soils within the perimeter of the 
structure. 

Large lateral spread or flow failure hazards may be mitigated by the implementation of 
containment structures, removal or treatment of liquefiable soils, modification of site geometry, 
structural resistance, or drainage to lower the groundwater table. 
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Where liquefiable clean sands are present, geotechnical evaluations for design shaii consider an 
area of softening due to seepage fiow occurring iateraiiy beyond the iimit of improved ground a 
distance of two-thirds of the iiquefiabie iayer thickness, as described in studies by lai et ai. (1988). 
To caicuiate the iiquefiabie thickness, simiiar criteria shaii be used as that empioyed to evaiuate 
the issue of surface manifestation by the Ishihara (1985) method. For ievei ground conditions 
where iaterai spread is not a concern or the site is not a water front, this buffer zone shaii not be 
iess than 15 feet, and it is iikeiy not to exceed 35 feet when the depth of iiquefaction is considered 
as 50 feet and the entire soii profiie consists of iiquefiabie sand. 

The performance criteria for iiquefaction mitigation, estabiished during the initiai investigation, 
shaii be in the form of a minimum and average penetration-resistance value associated with a soii 
type (fines content, day fraction, USCS ciassification, CRT soii behavior type index Ic, normaiized 
CRT friction ratio), or a toierabie iiquefaction settiement as caicuiated by procedures discussed 
eariier. The choice of mitigation methods wiii depend on the extent of iiquefaction and the reiated 
consequences. Aiso, the cost of mitigation must be considered in iight of an acceptabie ievei of 
risk. In generai, options for mitigations are divided into two categories: ground improvement 
options and structurai options. 

3.10.10.1 Ground Improvement Options 

There are many different methods of ground improvement. The five primary methods of ground 
improvement (and some exampies of each of them) to be considered for soii iiquefaction 
mitigation are: 

• Repiacement 

o Excavate and repiace with compacted fiii 

• Vibratory Densification 
o Vibro-compaction 

o Vibro-repiacement stone coiumns (combination of vibration and dispiacement) 
o Deep-dynamic compaction 

• Dispiacement Densification/Reinforcement 
o Compaction grouting 

o Dispiacement piies 

o Vibro-repiacement stone coiumns (combination of vibration and dispiacement) 

• Mixing/Soiidification 

o Rermeation Grouting 
o Deep soii mixing 
o Jet grouting 

• Drainage 

o Rassive or active dewatering systems 
o (Earthquake drains are not permitted for use) 


The impiementation of these techniques shaii be designed to fuiiy, or partiaiiy, eiiminate the 
iiquefaction potentiai, depending on the requirements of the engineered faciiity under 
consideration. Further detaiis, appiicabiiity, and iimitations of these techniques can be found in 
Martin and Lew (1999). 

3.10.10.2Structural Options 

Structurai mitigation invoives designing the structure to withstand the forces and dispiacements 
that resuit from iiquefaction. In some cases, structural mitigation for liquefaction effects may be 
more economical than soil improvement mitigation methods. However, structural mitigation may 
have little or no effect on the soil itself and may not reduce the potential for liquefaction. With 
structural mitigation, liquefaction and related ground deformations will still occur. The structural 
mitigation shall be designed to produce acceptable structural performance (consistent with the 
requirements for the two design earthquakes) in terms of liquefaction/lateral spread-induced 
displacements and structural damage. The appropriate means of structural mitigation may 
depend on the magnitude and type of liquefaction-induced soil deformation or load. 
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Depending on the type of structure and amount and extent of liquefaction, common structurai 
options to be considered are: 

• Piies or caissons extending to non-iiquefiabie soii or bedrock beiow the potentiaiiy 
iiquefiabie soiis 

• Post-tensioned siab foundation (appropriate oniy for smaii, iightiy ioaded structures) 

• Continuous spread footings having isoiated footings interconnected with grade beams 

• Mat foundation (appropriate oniy for smaii, iightiy ioaded structures) 

Detaiis, appiicabiiity, and iimitations of these techniques can be found in Martin and Lew (1999). 
Additionai requirements for design of piies in iiquefied soii are presented beiow. 

3.10.11 Seismic Considerations for Laterai Design of Piies in Liquefiabie Soiis 

Seismic considerations for iaterai design of piie/shaft design in soiis inciude the effects of 
iiquefaction on the iaterai response of piies/shafts and designing for the additionai ioads due to 
iaterai spread and/or siope faiiures. Effects of iiquefiabie soiis shaii be inciuded in the iaterai 
anaiysis of piies/shafts by using appropriate p-y curves to represent iiquefiabie soiis. Computer 
programs such as LPILE inciude p-y curves for iiquefiabie soiis. The p-y curves avaiiabie within 
the program have iimited appiication and may give unconservative resuits. Furthermore, in fuiiy 
iiquefied sand, there appears to be virtuaiiy no iaterai soii resistance for the first 1 to 2 inches of 
iaterai movement (Roiiins et ai., 2005). Avaiiabie static p-y curve modeis reduced adequateiy to 
account for the ioss of strength caused by iiquefaction, such as a p-muitipiier approach, couid 
provide an approximate prediction of the measured p-y response. Liquefied soii p-y curves shaii 
be estimated using the static API sand modei reduced by a p-muitipiier using the method of 
Bouianger, et ai. (2007) and Brandenberg et ai. (2007). 

The dispiacement based approach for evaiuating the impact of iiquefaction-induced iaterai 
spreading ioads on deep foundation systems that foiiow recentiy pubiished Caitrans guideiines 
titied “Guideiines on Foundation Loading and Deformation Due to Liquefaction Induced Lateral 
Spreading,” dated February 2011 

( http://dap3.dot.ca.aov/shake stable/references/Guidelines%20on%20Foundation%20Loadina- 

Jan%202011 .pdf) shall be used. However, the liquefaction susceptibility and triggering analyses 
performed as part of this procedure shall be based on Section 6.10.6 and Section 6.10.7, 
respectively of this TM. Similarly, the lateral spread estimates shall be based on Section 6.10.8. 

The geotechnical engineer shall compare the estimated lateral spread values with the allowable 
deformation values described in Section 6.3.5 of this TM and develop mitigation plans described 
in Section 6.10.9, if necessary. The geotechnical engineer shall also consider the long-term, 
post-construction performance requirements for earth-and-fill conditions. 

Numerical methods incorporating finite element and/or finite difference techniques may be used 
to assess pile response in laterally spreading soils. 

3.10.12 Evaluation of P-Y and T-Z Springs for Seismic Analysis 

Geotechnical and structural engineering guidance for seismic analysis using P-Y and T-Z springs 
will be prepared for use during the final design. 

3.10.13 Evaluation of Foundation Dynamic Stiffness and Damping 

Geotechnical and structural engineering guidance for seismic analysis considering foundation 
dynamic stiffness and damping will be prepared for final design. 

3.10.14 Dynamic Soil Pressures on Earth-Retaining Structures 

All retaining walls, abutment walls, and basement walls shall be evaluated and designed for 
seismic stability internally and externally (i.e., sliding and overturning). With regard to overall 
seismic slope stability (often referred to as global stability) involving a retaining wall, with or 
without liquefaction, the geotechnical designer shall evaluate the potential for failure and its 
impacts on performance. 
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For retaining waiis that are not restrained from rotation at the top in iocations where peak ground 
acceieration (PGA) vaiues are iess than or equai to 0.30g, waiis shaii be designed for oniy active 
pressures and inertiai forces of the waii itseif, and additionai seismic earth pressures shaii not be 
considered. For waiis containing cohesioniess materiais as backfiii, seismic pressures shaii be 
estimated using the Mononobe-Okabe (M-0) method (Mononobe and Matsuo, 1929). Horizontai 
seismic coefficient (kh) shaii be estimated using the Bray et ai. (2010) method assuming a waii 
dispiacement of 1 inch. For the 30% design phase and finai design, PGA vaiues associated with 
two performance ieveis shaii be used. The earth pressures shaii be separated into the 
incrementai seismic pressures and the active earth pressures in the foiiowing manner: 

AKae = Kae - Ka 
where 

AKae = Incrementai seismic pressure coefficient 

Kae = Totai seismic pressure coefficient 

Ka = Active pressure coefficient 

The incrementai seismic earth pressure shaii be taken as a trianguiar distribution with the 
resuitant acting at 0.33H from the bottom. This pressure shaii be added to the active earth 
pressure for the design. It shall be noted that seismic pressures increase significantly with slight 
increase in slope of the backfill. For higher angles of sloping back fills where the M-0 solution 
does not converge (see Figure 7.8 of NCHRP Report 611), methods presented in Chapter 7 of 
the NCHRP Report 611 shall be utilized. For backfill materials consisting of cohesive or cohesive 
and frictional (c-cp) material, methods presented in Chapter 7 of the NCHRP Report 611 shall be 
used. 

For basement walls (or walls restrained against rotation) in locations where PGA values are less 
than or equal to 0.35g, walls shall be designed for only at-rest pressures and inertial forces from 
the wall itself, and additional seismic loads shall not be considered. For higher PGA values, the 
higher of the at-rest pressures or the active plus M-0 pressures shall be used for the design. 
Seismic coefficient value (kh) shall be estimated using Bray et al. (2010) assuming a wall 
movement of 1 inch. 

3.10.15 Seismic Settiement of Unsaturated Soiis 

Seismically induced settlement of unsaturated granular soils (dry sands) shall be estimated using 
procedures provided by Tokimatsu and Seed (1987). Estimated values in terms of total and 
differential settlements shall be reported. 

The geotechnical engineer shall compare the estimated settlement values with the allowable 
deformation values described in Section 6.3.5 of this TM and develop mitigation plans described 
in Section 6.10.9, if necessary. The geotechnical engineer shall also consider the long-term, 
post-construction performance requirements for earth-and-fill conditions. 

3.10.16 Seismic Siope Stabiiity and Deformation Anaiyses 

Instability of slopes during seismic loading could be due to liquefaction or due to inertial loading, 
or a combination of both. In this section instability of both the natural existing slopes and 
embankment slopes is addressed. 

The designer shall compare the estimated deformation values with the allowable deformation 
values described in Section 6.3.5 of this TM and develop mitigation plans described in Section 
6.10.9, if necessary. The designer shall also consider the long-term, post-construction 
performance requirements for earth-and-fill conditions. 

3.10.16.1 Liquefaction-Induced Flow Failure 

Liquefaction leading to catastrophic flow failures driven by static shearing stresses that result in 
large deformation or flow shall also be addressed by designers. These flow failures may occur 
near the end of strong shaking or shortly after shaking and shall be evaluated using conventional 
limit equilibrium static slope stability analyses. The analysis shall use residual undrained shear 
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strength parameters for the liquefied soii assuming seismic coefficient to be zero (i.e., performed 
with kh and kv equai to zero). The residuai strength parameters estimated using the method 
presented in Section 6.10.7 of this TM shaii be used. In addition, strength reduction due to cyciic 
degradation versus strength increase due to the effects of rate of ioading shaii be considered for 
normaiiy consoiidated ciayey iayers and non-iiquefiabie sandy iayers. Chen et ai. (2006) have 
discussed the effects of different factors on the dynamic strength of soiis. The anaiysis shaii iook 
for both circuiar and wedge faiiure surfaces. If the limit equilibrium FOS is less than 1.1, flow 
failure shall be considered likely. Liquefaction flow failure deformation is usually too large to be 
acceptable for design of structures, and some form of mitigation will likely be needed. However, 
structural mitigation may be acceptable if the liquefied material and any overlying crust flow past 
the structure and the structure and its foundation system can resist the imposed loads. 

If the FOS for this decoupled analysis is greater than 1.1 for liquefied conditions, yield 
acceleration values shall be estimated using pseudo-static slope stability analysis. The same 
strength parameters as used during the flow failure analysis shall be used. A new critical failure 
plane shall be searched assuming both circular and non-circular failure surfaces. Yield 
acceleration is defined as the minimum horizontal acceleration in a pseudo-static analysis for 
which FOS is 1.0. Using the estimated ky values, deformations shall be estimated using 
simplified methods such as Makdisi and Seed (1978) and Bray and Travasarou (2007). These 
simplified methods are not directly applicable to slopes with liquefiable layers; however, they 
provide a good estimate of the range of deformations expected during the seismic event. Other 
methods such as the Newmark time history method or more advanced methods involving 
numerical analysis may also be used, but shall be checked against the simplified methods. 

For final design, more advanced methods involving numerical analyses may be used to better 
characterize the initiation of liquefaction and pore-pressure generation and the subsequent 
reduction in strength. 

3.10.16.2Slope Instability Due to Inertial Effects 

Pseudo-static slope stability analyses shall be used to evaluate the seismic stability of slopes and 
embankments due to inertial effects. The pseudo-static analysis consists of conventional limit 
equilibrium slope stability analysis with horizontal seismic coefficient (kh) that acts upon the 
critical failure mass. A horizontal seismic coefficient, kh, estimated using Bray and Travasarou 
(2009) and a vertical seismic coefficient, kv, equal to zero shall be used for the evaluation of 
seismic slope stability. The Bray and Travasarou (2009) method requires an estimate of 
allowable deformation to compute kh. Therefore, for the MCE, an allowable deformation of 6 
inches may be used and for the QBE, the allowable deformation presented in Table 6.3.5-1 shall 
be used. For these conditions, the minimum required FOS is 1.0. Alternately, pseudo-static 
analyses may be performed to estimate ky values. There is a debate in literature whether the 
slope failure plane during the pseudo-static analysis shall be fixed based on the results of static 
analyses or a new failure plane is searched. A new failure plane shall be searched for the 
pseudo-static analysis. The analysis shall look for both circular and non-circular failure surfaces. 

3.10.16.3 Deformations 

Deformation analyses shall be performed where an estimate of the magnitude of seismically 
induced slope deformation is required and the pseudo-static slope stability FOS is less than 1.0. 
Acceptable methods of estimating the magnitude of seismically induced slope deformation 
include Newmark sliding block (time history) analysis, simplified displacement charts and 
equations based on Newmark-type analyses Makdisi and Seed (1978), Bray and Travasarou 
(2007), and Rathje and Saygili (2008), or dynamic stress-deformation models. These methods 
shall not be employed to estimate displacements if the post-earthquake static slope stability FOS 
using residual strengths is less than 1.0, since the slope will be unstable against static gravity 
loading, and large displacements would be expected. 

Seismically induced slope deformations can be estimated through a variety of dynamic stress- 
deformation computer models such as PLAXIS, DYNAFLOW, FLAG, and OpenSees. The 
accuracy of these models is highly dependent on the quality of the input parameters and the level 
of model validation performed by the user for similar applications. As the quality of the 
constitutive models used in dynamic stress-deformation models improves, the accuracy of these 



Page 54 





California High-Speed Train Project 


Geotechnical Analysis and Design Guidelines, R1 


methods will improve. A key benefit of these modeis is their abiiity to iiiustrate mechanisms of 
deformation, which can provide usefui insight into the proper input for simpiified anaiyses. In 
generai, dynamic stress-deformation modeis shaii not be used for routine design due to their 
compiexity, the sensitivity of deformation estimates to the constitutive modei seiected, and the 
accuracy of the input parameters. If dynamic stress-deformation modeis are used, they shouid 
be vaiidated for the particuiar appiication. Use of dynamic stress-deformation modeis for design 
shaii be approved by the EMT’s geotechnicai engineer. 

3.10.17 Downdrag Loading (Dragload) on Structures Due to Seismic Settlement 

Downdrag ioads on foundations shaii be evaiuated in accordance with Articie 3.11.8 of the 
AASHTO LRFD Bridge Design Specifications and as specified herein. The AASHTO LRFD 
Bridge Design Specifications, Articie 3.11.8, recommends the use of the non-iiquefied skin friction 
in the iayers within and above the iiquefied zone that do not iiquefy, and a skin friction vaiue as 
iow as the residuai strength within the soii iayers that do iiquefy, to caicuiate downdrag ioads for 
the extreme event iimit state. 
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4.0 SUMMARY AND RECOMMENDATIONS 

4.1 General 

Geotechnical guidance to be used for the 30% ievei design of CHSTP features is presented in 
Section 6 of this TM. 
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6.0 DESIGN MANUAL CRITERIA 

6.1 General 

Geotechnical criteria prescribed herein address the design, methodoiogy, assumptions, anaiyticai 
procedures, and integrity of the finai design. Subject to the restrictions imposed by iicensing iaws 
in the State of Caiifornia, anaiysis and designs shaii be compieted by Caiifornia-iicensed 
geotechnicai engineers, geoiogists, and engineering geoiogists. 

6.1.1 Data Evaluation and Geotechnical Analysis 

Eiements of geotechnicai anaiyses and design criteria subjected to these guideiines and 
standards shaii inciude (1) data interpretation, (2) data anaiysis and modeiing, and (3) 
geotechnicai design caicuiations. 

6.1.2 Geohazard Studies 

TM 2.9.3 provides guideiines to identify and evaiuate geoiogic and seismic hazards. The 
geotechnicai engineer shaii incorporate the findings of the geoiogic and seismic hazard studies 
into the geotechnicai design. 

6.1.3 Geotechnical Report Requirements 

The requirements for the content and format of geotechnicai reports described in TM 2.9.2 shaii 
be used by the geotechnicai engineer for aii geotechnicai design documents. 

6.2 Geotechnical Characterization 

6.2.1 General 

Characterization of surface and subsurface conditions shaii be performed in three dimensions 
based on pians and profiies depicting subsurface units with unique properties and the associated 
geotechnicai engineering properties. This geotechnicai modei shaii then be refined into a 
surface/subsurface engineering domain modei based on the unique design eiements. 

6.2.2 Geotechnical Investigation 

Geotechnicai investigations shaii be performed in accordance with TM 2.9.1. Recommendations 
for subsurface expioration methods, in-situ testing, and iaboratory testing of specimen sampies 
as part of geotechnicai investigations shaii be provided on the basis of these guideiines. In 
addition to discussion of soii and rock identification, testing, description, and ciassification, this 
TM contains guideiines that present the process and protocoi for interpretation of subsurface 
conditions for use during geotechnicai anaiyses supporting engineering design activities. 

6.2.3 Soil and Rock Classification 

Soii shaii be characterized and ciassified using ASTM D 2488 guideiines for fieid ciassification 
and ASTM D 2487 based on iaboratory test resuits. Rock shaii be ciassified using GEC5 (FHWA, 
2002), which is iargeiy based on ISRM guideiines. Rock and other formationai materiais, e.g., 
very soft rock and intermediate geotechnicai materiais, shaii aiso be identified with the name of 
the geoiogic formation. Dynamic properties of soii and rock shaii be assessed for consideration 
of seismic actions and design. 

6.2.4 Laboratory Test Requirements 

Standards for iaboratory testing of soii and rock are described in TM 2.9.1. 

6.2.5 Geotechnical Characterization Model 

This section identifies appropriate methods and technicai references to be used for soii and rock 
property assessment, and how to use the soii and rock property data to estabiish the finai soii and 
rock parameters to be used for geotechnicai design. 

6.2.5.1 Geologic Model 

The geoiogist in coiiaboration with the geotechnicai engineer shaii deveiop a geoiogic modei 
based on appiicabie existing data such as geoiogic maps, aeriai photography, pubiished 
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literature, and existing subsurface data. The modei shaii be refined using fieid reconnaissance, 
remote sensing, and mapping methods. The geoiogic modei shaii be used to prepare a surface 
geoiogic map and a corresponding subsurface profiie aiong the HST aiignment. The map and 
profiie shaii be accompanied by cross sections perpendicuiar to the aiignment where needed to 
reveai the three-dimensionai configuration of the subsurface conditions. Maps, profiies, and 
cross sections shaii aiso depict the reiated design eiements (structures, embankments, cuts, 
etc.). The geoiogic modei shaii serve as a fundamentai tooi to deveiop the subsurface 
expioration pian and shaii be updated as project-specific information is obtained. Subsurface 
conditions shaii be presented in pian and profiie and aiso accompanied by cross sections 
perpendicuiar to the aiignment where needed to fuiiy depict the three-dimensionai configuration of 
these units. Subsurface iogs, in-situ test resuits, and iaboratory testing shaii be used for further 
refinement of units and groundwater conditions having unique engineering properties as they 
reiate to geotechnicai anaiyses. 

6.2.5.2 Geotechnical Model 

The geotechnicai engineer shaii deveiop a geotechnicai modei based on the geoiogic modei and 
subsurface information coiiected for the project. As fieid and iaboratory test data become 
avaiiabie, engineering properties for each of the unique units shaii be deveioped and portrayed 
on the geotechnicai modei (map, profiie, and cross sections). These engineering properties must 
effectiveiy document and support aii geotechnicai anaiyses and designs. 

The geotechnicai modei shaii represent the geoiogist and geotechnicai engineer’s interpretation 
of aii avaiiabie subsurface data, and shaii inciude (at a minimum) the foiiowing: 

• Interpreted boundaries of soii and rock 

• Average physicai properties of the soii iayers (unit weight, shear strength, etc.) 

• Visuai description of each iayer inciuding USCS symbois for soii ciassification 

• Location of the ground water (see next section) 

• Notations for speciai items (bouiders, artesian pressure, known buried infrastructure, etc.) 

Compiementary tabies shaii be deveioped to accompany the geotechnicai modei (map, profiie, 
and cross sections), in order to reduce visuai ciutter and aid the user. As described in TM 2.9.1, 
CHSTP wiii make use of eiectronic records for borings, CRTs, etc. An appropriateiy deveioped 
database and GIS shaii be used to great advantage for data management, anaiyses (in support 
of engineering design), and construction. 

6.2.5.3 Groundwater Conditions 

The geoiogist and geotechnicai engineer shaii evaiuate groundwater conditions and estabiish 
water ieveis/eievations for use in faciiity design and construction pianning. Guidance pertaining 
to coiiecting and interpreting hydrogeoiogic fieid data is contained in TM 2.9.1. Groundwater 
characterization shaii inciude evaiuation of: 

• Historicaiiy high groundwater ieveis 

• Hydrostatic or fiowing groundwater conditions 

• Whether aquifers are confined or unconfined 

• The upper and iower iimits and siope of the aquifer 

• Aquifer characteristics (soii type and permeabiiity, rock discontinuities) 

• Presence (and infiuence) of perched groundwater tabie conditions 

• Potentiai for raised or iowered groundwater ievei during project design iife 

• Potentiai for groundwater ievei rise resuiting from anticipated rise of sea ievei due to 
ciimate change 

• Possibiiity for artesian conditions 

Due to the variabiiity in aquifer storage characteristics and response to rainfaii, the groundwater 
conditions to be used for anaiysis and geotechnicai design shaii be based on water ieveis 
measured in the fieid, coupied with hydrograph information describing historic water ievei trends. 
For sites where there is no groundwater data avaiiabie, the “wetting band” approach (FHWA, 
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2005) for zone of 100 percent saturation should be used to provide an estimate of reasonabie 
groundwater ievei. 

6.2.6 Soil and Rock Properties and Parameters 

6.2.6.1 General 

Soii and rock properties shaii be measured and interpreted using the guideiines provided in 
GEC5 (FHWA 2002), except as specificaiiy indicated herein. The process for soii and rock 
property seiection is iiiustrated graphicaiiy in fiow-chart format in Figure 1, Chapter 2 of GEC5. 
Additionai guideiines that shaii be considered are summarized in Section 10 of AASHTO LRFD 
(2007). The properties resuiting from LRFD-based evaiuations shaii be consistent those obtained 
with generai geotechnicai practice and not overiy conservative or unconservative. 

Correiations for soii properties as provided in GEC5 may be used if the correiation is weii 
estabiished and if the accuracy of the correiation is considered regarding its infiuence on the 
estimate obtained from the correiation in the seiection of the property vaiue used for design. 
Additionai guideiines that shaii be considered for correiations are presented in Manuai on 
Estimating Soii Properties for Foundation Design by Eiectric Power Research Institute (EPRI) 
Report EL-6800, (EPRI, 1990). Local geologic formation-specific correlations may also be used if 
well established by data comparing the prediction from the correlation to measured high quality 
laboratory performance data, or back-analysis from full-scale performance of geotechnical 
elements affected by the geologic formation in question. Correlations shall not be used as a 
substitute for an adequate subsurface investigation program, but rather to complement and verify 
specific project-related information. 

6.2.6.2 Rock Properties 

The engineering properties for rock shall account for the properties of the intact rock and for the 
discontinuities within the rock mass. A combination of laboratory testing, empirical analysis, and 
field observations shall be employed to evaluate the engineering properties of rock masses, with 
greater emphasis placed on visual observations and quantitative descriptions of the rock mass. 

GEC5 shall be used to assess the design properties for the intact rock and the rock mass as a 
whole. However, GEC5 shall not be used to develop fractured rock mass shear strength 
parameters. Instead, the geologist and geotechnical engineer shall use the updated procedures 
proposed by Hoek et al. (2002). This method is only to be used for highly fractured rock masses 
in which the stability of the rock slope is not controlled by regular, systematic discontinuities in the 
rock mass. 

6.2.6.3 Geotechnical Engineering Parameters 

The geotechnical engineer shall evaluate the validity and reliability of the data and its usefulness 
in selecting final design parameters. After a review of data reliability, a review of the variability of 
the selected parameters shall be carried out. Variability is typically introduced in two ways: (1) 
natural heterogeneity within the unit, and (2) test method selection or execution. 

Inconsistencies in data shall be evaluated, and the need for mitigation procedures may be 
warranted to correct or exclude any questionable data. The geotechnical engineer shall comply 
with GEC5, which provides guidance for analyzing data and resolving inconsistencies. The 
geotechnical engineer shall also use GEC5 to assess variability for a given engineering property 
in a particular geologic unit and how that variability influences the selection of the final design 
values. 

Development of the geotechnical model outlined in Section 6.2.5.2 of this TM shall include an 
estimate of the scatter surrounding average physical properties of soil and rock units. The 
geotechnical engineer shall provide upper and lower reasonable estimates of key engineering 
properties to describe the uncertainty associated with estimates of the median properties. The 
upper and lower reasonable estimates are not upper and lower bounds, but instead represent 
approximately 16th and 84th percentile values. 

Evaluations of geotechnical engineering parameters shall consider how the parameters could 
change over the design life of the structure. Changes may occur as a result of weathering. 
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groundwater level changes, increases in stress due to fiii or foundation ioads, decreases in stress 
due to excavation, or other factors. 

Geotechnicai evaiuations for design shaii keep in mind that resistance factors have been 
deveioped assuming statisticai mean vaiues for soii properties. Depending on the avaiiabiiity and 
variabiiity of ground conditions, it may not be possibie to reiiabiy estimate an average vaiue for 
design. In this case, the geotechnicai engineer shaii seiect a more conservative vaiue consistent 
with engineering judgment. For those resistance factors that were evaiuated based on caiibration 
by fitting to aiiowabie stress design, property seiection shaii be based on the considerations 
discussed previousiy. 

6.3 Aerial Trackway Structure and Bridge Foundations 

6.3.1 General 

The design shaii indicate the proposed structure type and function and the proposed iocations of 
foundation eiements, inciuding foundation ioads. Structure type and ioads shaii compiy with TM 
2.3.2. Speciai performance requirements, such as unique or unusuai dispiacement iimitations, 
shaii be considered in the design. 

Construction iimitations that couid affect foundation design shaii be identified. These inciude 
iocai avaiiabiiity of equipment, equipment access iimitations, staging restrictions, right-of-way 
restrictions, permit requirements, proximity to sensitive structures, and proximity to sensitive 
utiiities. 

6.3.2 Foundation Type Selection 

Shaiiow foundations shaii be used for foundation support where competent soii or rock is present 
within reiativeiy shaiiow depths. Shaiiow foundations may consist of spread footings or mat 
foundations. Shaiiow foundations may aiso be appropriate where ground improvement is 
performed on poor soiis to improve their strength and stiffness characteristics, provided that 
performance requirements are met. Shaiiow foundations are typicaiiy not appropriate for soiis 
that are soft, ioose, expansive, prone to hydro-coiiapse, iiquefiabie, or prone to excessive scour. 

Where shaiiow foundations are not feasibie (i.e., they cannot meet the required bearing capacity 
or settiement criteria) or cost effective, deep foundations shaii be used. Cast-in-driiied-hoie 
(CIDH) shafts may not be desirabie where contaminated soiis are present, because of the 
associated handiing and disposai requirements. Shafts shaii be considered in iieu of piies where 
piie driving vibrations couid cause damage or unacceptabie disturbance or disruption to existing 
adjacent faciiities. Piies may be more cost effective than shafts where piie-cap construction is 
reiativeiy easy or where the pier ioads are such that muitipie shafts per coiumn, requiring a shaft 
cap, are needed. The stabiiity of soiis during shaft construction and the need for casing shaii aiso 
be considered when choosing between driven piies and driiied shafts. Where iarger bridge spans 
and higher foundation ioads are required, caissons, barrette, or diaphragm waii foundations may 
be considered. 

Scour - The seiection of foundation types and design of foundations shaii consider the effects of 
scour on the capacity requirements and size (dimensions, embedment, and iength) of 
foundations. The capacity of deep foundations shaii be evaiuated for the soii iayers beneath the 
scourabie soiis. The depth of scour for design purposes shaii be evaiuated by anaiysis methods 
TM 2.6.5. 

6.3.3 Analysis for Foundation Design 

Except where noted herein, geotechnicai anaiysis for foundation design shaii be performed in 
accordance with the AASHTO LRFD Bridge Design Specifications with Caiifornia (Caitrans) 
Amendments, Customary U.S. Units, as adapted and modified by this and other technicai 
memoranda. Caitrans Amendments require that abutment foundations be designed using 
Service 1 iimit state and Working Stress Design (WSD) per Caitrans 2000 Bridge Design 
Specifications dated November 2003. LRFD ioads, ioad groups, and iimit states for aeriai viaduct 
and bridge structure design are defined in TM 2.3.2. 
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6.3.4 Allowable Foundation Settlement and Displacements 

Requirements for tolerable foundation settiements and dispiacements presented herein shaii 
supersede criteria indicated in AASHTO LRFD Bridge Design Specifications and the Caiifornia 
Amendments. For deep foundations, aiiowabie settiements or dispiacements are measured at 
the top of the foundation: the piie cap, the piie head, or the ground surface for driiied-shaft pier 
extensions. For structure foundations, settiements caicuiated from the Service 1 ioad 
combination pius any settiements resuiting from the OBE ioad combination (such as those 
resuiting from post-iiquefaction downdrag, seismic compaction, etc.) shaii not exceed the 
settiement iimits denoted in Tabie 6.3.5-1. For approach embankments, the Service 1 settiement 
iimits are appiicabie to settiements that occur after the piacement of track. 

Further performance requirements for aiiowabie deformations are prescribed in TM 2.10.10. 


Table 6.3.5-1 Settlement Limits" for Service 1 and OBE Load Cases 


Settlement Criteria 

Non-Ballasted Track 

Ballasted Track 

Differentiai settiement between 
adjacent supports ^ 

<= L/1500 and 3/4”, 
where L = smaiier span 

N/A® 

Differentiai settiement between the 

abutment and approach embankment 

2 

<= 3/8” over 62 feet 

<= 3/4" over 62 feet 

Differentiai settiement between the 
abutment and tunnei portai 

<= 3/8” over 62 feet 

N/A® 

Uniform settiement at piers and 
abutments 

CO 

II 

V 

N/A^ 


Notes: 


1. The additionai forces imposed on the structurai system by differentiai settiements shaii be 
caicuiated and considered as part of dead ioad in the design. 

2. Prior to piacement of tracks, the approach embankment shaii be instrumented and monitored 
for a period of at ieast 6 to 12 months to ensure the embankment is in compiiance with the 
settiement requirements set forth in the tabie above. 

3. Not appiicabie based on the assumption that baiiasted track wiii not be used for bridges, 
aeriai structures or tunneis. 

4. The settiements are caicuiated from the Service 1 ioad combination pius any settiements 
resuiting from the OBE ioad combination (such as those resuiting from post-iiquefaction 
downdrag, seismic compaction, etc.). 

No specific settiement or dispiacement iimits are required for the extreme event MCE ioading 
case, oniy that the structure shaii not coiiapse. For deep foundations, the maximum reiative 
horizontai dispiacement between the bottom (i.e. toe of piie) and top (i.e. piie cap) of the 
foundation resuiting from OBE loading shaii not be more than 1.75 inches. 

The settiements and dispiacements noted in the tabie above are considered minimum 
performance criteria. The Structurai design may require that foundations be designed to more 
stringent criteria for certain structures depending upon specific performance requirements. 

6.3.5 Abutments and Abutment Foundations 

Bridge abutments have components of both foundation design and retaining waii design. It 
shouid be noted that Caitrans Amendments require that abutment foundations be designed using 
Service 1 iimit state and Working Stress Design (WSD) per Caitrans 2000 Bridge Design 
Specifications dated November 2003. The retaining waii aspects of abutments shaii be designed 
in accordance with Section 6.7 of this TM, and AASHTO LRFD Bridge Design Specifications with 
Caiifornia Amendments, Sections 10 and 11. 
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6.3.6 Seismic Anaiysis and Design 

Foundations and abutments shall be designed for the Extreme Event I seismic case. Seismic 
design procedures for foundations and abutments are addressed in Section 6.10 of this TM. 

6.4 Foundations for Buildings and other At-Grade Structures 

This section describes the methods that shaii be appiied in foundation anaiysis and design of 
buiidings and other at-grade structures such as signais, signs, and noise barriers. 

6.4.1 Buildings 

Foundations and retaining waiis for buiidings shaii be designed in accordance with the provisions 
of the 2010 CBC, Caiifornia Code of Reguiations, Titie 24, Part 2, Caiifornia Buiiding Standards 
Commission (2010 CBC), and TM 2.5.1. In absence of site-specific data, presumptive vaiues 
provided in Chapter 18 of the 2010 CBC for aiiowabie foundation bearing pressure, iaterai earth 
pressures, and siiding coefficients shaii be used. Seismic issues reiated to foundation design 
such as seismic earth pressures, downdrag and iaterai spread due to iiquefaction shaii conform 
to the iimits provided in Tabie 3.3.7-1 of this TM. 

6.4.2 Noise Barriers 

Foundation design for noise barrier shaii be conducted in accordance with Caitrans Memo To 
Designers 22-1, Soundwaii Design Criteria. Seismic issues reiated to foundation design such as 
downdrag and iaterai spread due to iiquefaction shaii be addressed per Section 6.10 of this TM. 

6.4.3 Signs and Signals 

Cantiiever signs and signais shaii be supported on driiied-shaft foundations. Design for cantiiever 
signais and cantiiever signs shaii be performed in accordance with the AASHTO Standard 
Specifications for Structurai Supports for Highway Signs, Luminaires, and Traffic Signais 
(AASHTO, 2001). The foundation design wiii require uitimate and aiiowabie downward and upiift 
capacities. In addition, iaterai capacities of shafts shaii be provided. Seismic issues reiated to 
foundation design such as downdrag and iaterai spread due to iiquefaction shaii be addressed 
per Section 6.10 of this TM. 

6.5 Tunnels and Other Underground Structures 

This section describes the methods that shaii be appiied in geotechnicai and geoiogicai anaiysis 
for design of tunneis and other underground structures. Tunneis and other underground 
structures inciude bored tunneis (i.e., in rock and/or soft ground), mined tunneis, underground 
chambers, cut-and-cover tunneis, portais, shafts, and tunnei crossovers. U-shaped structures 
are addressed in Section 6.7 of this TM. 

6.5.1 Site Investigation 

Site investigations shaii be pianned and conducted in sufficient detaii to evaiuate the subsurface 
conditions of the rock and/or soii medium, and groundwater regime within which tunneis and/or 
underground structures wiii be constructed. Site investigations shaii be pianned and executed in 
accordance with TM 2.9.1, and Chapter 3, FHWA-NHI-10-034 - Technicai Manuai for Design and 
Construction of Road Tunneis-Civii Eiements (FHWA 2009). The site investigations shaii be 
sufficient in scope to expiore and characterize the site conditions at the specific iocation and 
eievation of the proposed underground excavation. 

Sufficient data shaii be deveioped to characterize the geotechnicai design and construction 
issues sufficientiy for anaiysis and appropriate mitigations in design. Such data shaii be 
presented in the GDR and the GBR for aii CAHST tunnei segments as outiined in TM 2.9.2 and 
FHWA (2009) Chapters 4.2 and 4.4. 

6.5.1.1 Laboratory Testing 

Soii sampies shaii be described and ciassified using ASTM D 2488 guideiines for fieid 
ciassification and ASTM D 2487 based on iaboratory test resuits. Rock (both hard and soft) shaii 
be ciassified using ASTM D 5878 and be in conformance with GEC5, Evaiuation of Soii and Rock 
Properties (FHWA 2002), which is based on the ISRM guideiines. Laboratory testing shaii be 
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performed in accordance with Section 6 of TM 2.9.1. Sufficient iaboratory testing shaii be 
performed to represent in-situ rock and soii conditions of the project. 

In addition to iaboratory testing identified in TM 2.9.1, speciaiized testing of rock for underground 
excavations mined by TBM shaii aiso inciude driiiing rate index, bit wear index, and cutter iife 
Index, as described in Chapter 3 of FHWA (2009). Additionai testing may inciude cherchar 
abrasion index, and punch penetration test for use by TBM designers. The abrasion 
characteristics of soiis (Abrasion Vaiue for Soiis AVS) shaii be assessed by appiying the 
Norwegian Institute of Technoiogy (ibid NTNU) SAT. 

Petrographic anaiysis shaii be conducted on representative rock sampies. The petrographic 
anaiyses shaii be conducted on rock thin sections prepared for anaiysis under a poiarizing 
microscope to identify principai minerai constituents (especiaiiy quartz content and presence of 
asbestos), texturai reiationships, aiteration/metamorphism, percentages, and other unusuai 
properties that may affect TBM performance. 

6.5.2 Characterization 

6.5.2.1 Soii Ciassification 

Descriptions of soiis shaii aiso be in accordance with TM 2.9.1 and Chapters 3.5 and 7.2 of 
FHWA (2009). For tunneis and other underground excavation, speciai attention shaii be given to 
documenting soii grain-size characteristics and stratification features, both of which strongiy 
infiuence ground behavior for excavations. Terzaghi (1950) ciassified soiis in the Tunneiman’s 
ground ciassification according to the anticipated soft ground behavior based on soil identification 
(grain size) and whether the excavation is above or beiow groundwater. Emphasis shaii focus on 
cohesioniess soiis (i.e., composition, gradation and density) and on cohesive soiis (i.e., 
consistency and strength) with respect to the proposed excavation and with respect to 
groundwater conditions (e.g., perched and confined conditions, permeabiiity, and evidence of 
artesian conditions or groundwater barriers, i.e., fauits). 

6.5.2.2 Rock Mass Classification 

Rock mass ciassifications shaii be evaiuated from the geotechnicai and geoiogicai data coiiected 
during the fieid investigations to describe the rock mass conditions that shaii predominate within 
the proposed tunneis and underground excavations in rock in accordance with FHWA (2009). 
Terzaghi (1946) proposed a quaiitative description of rock mass ciasses and successfui 
appiications of various tunnei support systems that prevent rock masses from dropping from the 
tunnei roof. If used for the CHSTP, Terzaghi’s rock mass classifications shall be implemented 
only for preliminary estimates of tunnel support requirements based on professional judgment. 
The more recently proposed numerical classifications of rock shall be used for the CHSTP design 
recommendations. The numerical rock quality designation (ROD) proposed by Deere and Deere 
(1989), the tunneling quality index (Q) proposed by Barton et al. (1974) of the Norwegian 
Geotechnical Institute, and the rock mass rating (RMR) by Z.T. Bieniawski (1989) shall be 
developed for site-specific application to rock tunnel support and lining of the CHSTP. The 
numerical rock mass classifications shall be used for evaluating and demonstrating the design of 
proposed rock support systems for the tunnel excavations. 

6.5.2.3 Geologic Structure 

Analysis of geologic structure shall be performed for all proposed excavations in rock. Rock 
discontinuities, which typically control the behavior of a rock mass with respect to slope stability 
and underground stability, shall be analyzed in outcrops by geologic mapping, in rock-core 
logging as outlined in TM 2.9.1, and using in-situ methods of logging as outlined in AASHTO MSI- 
1, Section 6.1.2. All structural mapping and logging methods are to document in-situ geologic 
structural trends for use in structural analyses of the rock mass and for design of tunnel and 
underground excavation interim and final supports. 

Compiled discontinuity orientations defined by “strike”, “dip”, and “dip direction” shall be analyzed 
using Rocscience’s software program Dips V6.0 (Rocscience, 2010), or other equivalent analysis 
software. The resulting stereonet plots of data shall be used in estimating appropriate orientation 
adjustments (Ra) for calculating the RMR of rock. The discontinuity data shall also be used for 
estimating structurally controlled roof and wall failures in excavations (e.g., wedge failures) and 
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for qualitative estimates of the siope stabiiity at rock portais inciuding basai siip, wedge, and 
toppiing faiiures as outiined in 8.5.2 of this TM. 

6.5.2.4 Hydrogeology 

The hydrogeoiogy of both soii and rock sites shaii be evaiuated for tunneis and other 
underground structures and shaii be in accordance with FHWA (2009) inciuding groundwater 
eievations of static and perched water zones derived from pubiished and research sources, 
geotechnicai fieid investigations, and groundwater investigations of proposed excavations. The 
site characterization shaii inciude the checkiist for GBRs inciuded in Tabie 4-3 of FHWA (2009). 
The hydrogeoiogic data shaii be used to define static groundwater eievations, seasonai 
fiuctuations, fiow directions, hydrauiic conductivity, perched and confined aquifer conditions 
(artesian), porous medium or fractured medium, pH, temperature, and water chemistry. 

Hydrauiic conductivities shaii be caicuiated based on data coiiected in accordance with TM 2.9.1, 
inciuding pumping and siug tests, packer tests, open borehoie seepage tests, and infiitration 
tests. For groundwater monitoring, monitoring weiis and piezometers shaii be instaiied and 
monitored for at ieast one year, but preferred for muitipie years (i.e., wet and dry years). 
Procedures for caicuiating hydrauiic conductivities from pumping test data and effective hydrauiic 
conductivities from borehoie packer tests and faiiing head tests shaii be impiemented in 
accordance with FHWA (2009) Chapter 3.5.6, and FHWA (2002) - Subsurface Investigations - 
Geotechnicai Site Characterization - Reference Manuai. 

Where groundwater infiow or dewatering is a concern, hydrauiic conductivity testing shaii be 
conducted by the designer as part of the subsurface investigations in accordance with TM 2.9.1 
and shaii inciude permeabiiity tests, pumping tests, siug tests, packer tests, open borehoie 
seepage tests, and/or infiitration tests. These tests are further described in ASTM D 4043 and 
shaii form the basis of understanding groundwater occurrence, hydrauiic pressures, and 
groundwater fiow characteristics. 

The designer shaii identify conditions that couid resuit in design changes, construction deiays, 
and unanticipated construction costs due to unanticipated groundwater conditions. Unexpected 
groundwater conditions can inciude but are not iimited to instantaneous infiows and sustained 
fiows higher than estimated, groundwater barriers, fiowing saturated soiis, geothermai waters, 
and gas-bearing water. The designer shaii investigate and quantify aii potentiai groundwater 
conditions that couid resuit in changed conditions for the project and fuiiy deveiop and expiain the 
variabiiity of potentiai hydrogeoiogy conditions in the GDR and the GBR for each project structure 
according to TM 2.9.2. 

Water-ievei measurements and/or hydrauiic pressures shaii be measured for predicting upiift 
pressures and hydrauiic pressures on tunnei iining systems. Measurements and pressures shaii 
be taken at ieast one diameter above and beiow the tunnei structure. Groundwater 
characterization shaii account for potentiai variations resuiting from seasonai changes, rainfaii, 
irrigation, and other factors. 

6.5.3 Design Issues 

6.5.3.1 Groundwater Impacts 

Infiuences of dewatering on existing structures (e.g., settiement) and on project excavations shaii 
be inciuded in design of beiow-ground excavations and for caicuiating upiift pressures for siab 
design. The designer shaii provide caicuiations for estimates of infiows inciuding initiai fiows 
(e.g., fiush fiows) and sustained fiows (iong term), which are dependent on the occurrence of 
groundwater (static, artesian, fracture systems, etc.), hydrauiic conductivity, hydrauiic head, 
voiume of water reservoir source, and groundwater barriers such as aquitards, aquiciudes, and 
fauits. 

6.5.3.2 Seepage Control 

Undrained and drained tunnei designs shaii be considered. Tunneis (i.e., bored and mined) may 
be designed as undrained (i.e., with waterproofing) with the objective of eiiminating impacts to 
groundwater and surface water resources due to groundwater drawdown. Drained tunneis may 
be viabie for specific conditions such as short tunneis or where pre-construction grouting of the 
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rock mass is applied to minimize iong-term infiows. Conditions for design of undrained and 
drained tunneis are outlined in TM 2.4.5 for static ioads resuiting from groundwater pressures. 
For guidance on watertightness and drainage for tunnei structures refer to TM 2.4.5, Section 
6.2.5. Cut-and-cover tunneis and U-waii trackway structures shaii be designed as undrained to 
accommodate groundwater conditions (inciuding seasonai changes) at the site and the designer’s 
proposed excavation support and iining design. 

6.5.3.3 Induced Ground Settlement (Movement) 

The potentiai for induced settiement shaii be evaiuated using FHWA (2009) guideiines outiined in 
Section 7.5, which provide methods for caicuiating movement either due to a groundwater 
depression during dewatering or due to ground ioss during tunnei excavation. The designer shaii 
caicuiate the settiement trough depth, width, and shape to estimate the potentiai surface 
settiement and effects on surface structures. The settiement caicuiation shaii inciude both singie- 
bore and muitipie-bore tunneis, where proposed. 

Potentiai damage to structures due to ground settiement shaii be evaiuated using the guidance 
provided in Section 7.6 of the FHWA (2009). The reiationships presented in FHWA shaii be used 
for initiai estimates of structurai damage as part of tunnei iining and TBM design and pianning for 
ground support to mitigate construction impacts. Mitigation methods of ground settiement shaii 
be inciuded in the design process as outiined in Section 7.6. 

6.5.3.4 Gassy Ground Hazard 

Tunneis and underground structures shaii be designed to protect against potentiai hazardous 
conditions due to the presence of expiosive, corrosive, or poisonous gasses (e.g., methane, 
petroieum-derived gases, hydrogen suifide) entering tunneis. Identification and evaiuation of 
potentiai gassy ground shaii be part of the GDR and GBR for the tunnei. Speciai attention shaii 
be given to areas of petroieum-bearing geoiogic materiais, especiaiiy within or near known active 
or abandoned oii fieids. The Caiifornia Division of Oii and Gas and Geothermai Resources 
(DOGGR) maintains records of active and abandon oii fieids and weiis. Research of oii weiis and 
petroieum-bearing areas at DOGGR shaii be part of the source information to be reviewed as 
outiined in TM 2.9.1 and shaii be investigated and evaiuated as a potentiai geoiogic hazard with 
reference to TM 2.9.3. Mitigation of gassy conditions shaii be inciuded in the design of the 
tunnei-iining system, ventiiation system, and eiectricai and mechanicai components for use in the 
tunnei. The designer shaii inciude protections inciuding gas-resistant waterproofing, 
impermeabie membrane, fuii-time ventiiation system, and gas-detection system monitoring both 
the crown and invert spaces, where gases couid coiiect. Concrete and steei shaii be protected 
against corrosive gases or gas-saturate groundwater. Designs shaii conform to aii iocai fire 
department requirements for confined space and fire safety. 

6.5.3.5 Seismic Loads 

Tunneis and underground structures shaii be designed to resist the effects of ground shaking 
(i.e., ovaiing/racking, iongitudinai curvature, and axiai straining) and permanent ground 
deformations (i.e., seismic siope instabiiity, iiquefaction, and iaterai spreading) that resuit from the 
design earthquakes. These anaiyses shaii be performed in accordance with TM 2.10.4 and TM 
2.3.2. Additionai guidance can be found in FHWA (2009) Chapter 13. Seismic ground shaking 
parameters shaii be deveioped in accordance with TM 2.9.6, and ground faiiure potentiai shaii be 
evaiuated in accordance with Section 6.10 of this TM. 

6.5.3.6 Static Loads 

Earth ioads shaii be addressed in accordance with the TM 2.4.5, TM 2.3.2, FHWA (2009) 
Chapters 6 and 7, and the foiiowing provisions. The designer shaii account for earth ioads that 
inciude rock, soii, and groundwater. 

Groundwater ioads for design shaii represent the fuii hydrostatic head or height of the coiumn of 
water above the excavation (refer to TM 2.4.5). The tunnei lining shaii support the fuii hydrostatic 
head aiong the iength of any particuiar tunnei. 
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6.5.4 Excavation Issues 

6.5.4.1 Rock Tunnels and Chambers 

In accordance with Chapter 6 of FHWA (2009), design and construction of tunneis and other 
underground excavations in rock shaii consider aii potentiai rock stresses, faiiure modes, and 
difficuit ground inciuding but not restricted to wedge faiiures, rock burst, stress-induced faiiures, 
tunnei face or roof instabiiity, squeezing ground, sweiiing ground, mixed-face conditions, high 
horizontai stresses, ground dispiacements, groundwater, and any combination of conditions that 
can adverseiy impact tunnei construction and performance. The designer shaii evaiuate and 
address aii site conditions and materiai properties that can infiuence the behavior of rock in which 
an excavation is pianned, inciuding intact rock strengths, discontinuities, rock mass 
ciassifications, deformation moduius, abrasiveness, in-situ stresses, fauit zones, gassy ground, 
fiowing and running ground, water infiows, water pressures, geothermai conditions, and water 
chemistry. 

Ground support shaii be designed for initiai and finai support to resist aii induced rock stresses 
and shaii be considered with aii appiicabie options of support, inciuding rock boits, ribs and 
iagging, shotcrete, iattice girder, spiies and forepoies, and precast segmented iining systems. 

The designer shaii appiy methods of groundwater fiow controi in accordance with Chapter 6.7 of 
FHWA (2009). Groundwater controis may inciude pre- and post-construction grouting, ground 
freezing, and the use of pressurized-face TBMs operated in ciosed mode. Infiow of groundwater 
wiii be iimited to not more than 100 gaiions per minute for sustained fiows. However, aiiowabie 
infiow rates may be set by negotiation with iocai jurisdictions. 

6.5.4.2 Portals and Shafts 

Portai and shaft excavations shaii be designed to be stabie (i.e., static stabiiity) during excavation 
and upon being put into service in accordance with Section 8 - Anaiysis and Design for Siopes. 
Aii cut siopes and excavations shaii be designed for any possibie mode of faiiure to meet 
minimum FOS that are 1.3 or greater for short-term construction (temporary siopes or 
construction siopes) and 1.5 or greater for permanent or finai design siopes. These factors of 
safety shaii appiy to both soii and rock siopes for aii portai and shaft excavations. 

The overburden materiais, weathered rock, rock, and pre-existing iandsiides shaii be investigated 
and evaiuated for physicai conditions (iithoiogy and geoiogic structure) and strength properties 
(friction angie - cp; and cohesion-c) in accordance with TM 2.9.1 and FHWA (2009) for use in 
caicuiating FOS for excavated siopes and openings. The appiicabie modes of faiiure shaii be 
evaiuated by site-specific fieid investigations in accordance with TM 2.9.1, TM 2.9.3 and FHWA 
(2009). The designer shaii evaiuate aii ground conditions affecting stabiiity of the portai or shaft 
that may inciude overburden excavation, weathered rock, and unweathered rock. The modes of 
faiiure shaii be modeied using two-dimensionai geoiogic cross sections and/or three-dimensionai 
modeiing for use in conducting siope stabiiity anaiysis using iimit equiiibrium methods outiined in 
Section 6.8 of this TM to evaiuate the FOS of each siope and siope-support methods. 

Initiai ground support for shaft excavations wiii depend on the site conditions, whether the 
excavation is above or beiow groundwater, and construction preferences of the construction 
contractor, and, therefore, are not detaiied in this document. However, support systems shaii 
consider the foiiowing methods: 

• Soidier piies and lagging in soiis without water 

• Ring beams and lagging or iiner piate 

• Precast concrete segmentai shaft iining 

• Steei sheet piie waiis in soiis with or without water 

• Diaphragm waiis cast in siurry trenches, which can minimize settiement and dewatering 
effects 

• Secant piie waiis or soii-mix waiis instead of diaphragm waiis 

6.5.4.3 Cut-and-Cover Structures 

Cut-and-cover tunneis shaii be anaiyzed and designed in accordance with AASHTO LRFD Bridge 
Design Specifications with Caitrans Amendments, and Chapter 5 of the FHWA (2009) Technicai 
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Memorandum for Design and Construction of Road Tunneis - Civii Eiements. Site 
characterization for cut-and-cover tunneis shaii be in accordance with TM 2.9.1 and Chapter 3 of 
FHWA (2009), which can appiy to soii or rock excavations; however, most cut-and-cover 
appiications are expected at soii sites. 

6.6 TRACK Bed Embankments and Embankment Foundations 

6.6.1 Design Overview for Embankments 

The geotechnicai anaiyses and design guidelines inciuded in this section supersede the technicai 
guideiines provided in TM-2.6.7. Additionai guidance is provided in TM 2.6.7 and TM 2.10.10. 

For trackway type seiection purposes during the design phase, the feasibiiity of seiecting ground 
supported trackwork (on fiii embankment or in cut) wiii depend on abiiity to meet the project 
performance criteria, and shaii aiso consider cost and construction scheduie. Other track 
guideway types for consideration and comparison against embankment-supported track inciude 
viaduct- or retaining-waii supported track. Embankment/fiii design considerations shaii aiso be 
iinked to the earthwork matehai avaiiabiiity and handiing strategy on a regionai basis for CHSTP, 
inciuding proportioning of cut and fiii with the goai to baiance quantities, where feasibie. 

6.6.2 Design Considerations 

The embankments and foundations for trackways shaii be designed considering the durabiiity and 
iongevity over the 100-year design iife and the abiiity to meet appiicabie ieveis of required criteria, 
that may vary depending on track segment, train speed and ioading, frequency of train traffic, and 
track use such as mainiine, stations, sidings, yards, etc., as described in TM 2.1.5. Geotechnicai 
designs shaii consider that embankment track substructure must meet geometric accuracy for 
maintaining the overiying track surface geometry (profiie and aiignment) and satisfy stabiiity. This 
inciudes resistance to static ioad and dynamic ioad (passing trains), as weii as extreme 
action/ioading events resuiting from seismic shaking, heavy precipitation, frost action, etc. 

Design guideiines for the “track bed” (iayers, dimensioning, and materiais) overiying soii 
embankments or trackways in cut are provided in TM 2.1.5. Track designers shaii provide 
minimum subgrade stiffness criteria as weii as anticipated ioading and required bearing capacity 
information to the geotechnicai engineers regarding the required subgrade surface (in cut 
segments) and embankment fiii surface minimum stiffness vaiues (subgrade moduius and 
moduius of deformation) for evaiuation during site expioration and design. 

Designs for trackway on embankment or in cut sections shaii be coordinated with other project 
features that might interfere with or impact the design or construction of CHSTP eiements. This 
inciudes coordination with other design discipiines (inciuding structurai and civii, hydroiogy and 
hydrauiics, and systems) to seiect appropriate earthworks for a given setting based on design 
constraints and potentiai confiicts, geotechnicai subsurface investigations, and surface and 
groundwater issues. Generai earthwork terms with a typicai track cross section are depicted on 
Figure No. 6-1. 
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Figure 6-1: General Earthwork Cross Section and Terminology 


6.6.3 Soil Material Suitability for use as Engineered Fill in Embankments 

For design purposes, evaluation of soii suitabiiity for re-use within the body of track embankments 
shaii be based on the foiiowing guideiines which supersede the definitions for “Soii Quaiity 
Ciasses” presented in UlC 719R and Section 6.3.2 (Tabie 6-4) of TM 2.6.7. 


Table 6.6.3-1 Soil Material Suitability for Engineered Fill in Embankments 
(per ASTM D 3282 / AASHTO subgrade soil group system) 


Acceptable ^ 

Unacceptable ^ 

A-1-a 

A-4 (CBR<10) 

A-1-b 

A-2-7 

A-2-4 

A-5 

A-2-5 

A-6 

A-2-6 

A-7-5 

A-3 

A-7-6 

A-4 (CBR >10) 

* 


Notes: 

'ic 

Rockfiii is not acceptabie for track embankment materiai. 

1. In addition to the AASHTO criteria, the maximum soii particie size is iimited to 3 inches. 

2. Potentiai embankment fiii source materiais from groups A-2-7, A-5, A-6, and A-4 (with CBR 
<10) that can be shown by anaiysis and testing to meet aii requirements (inciuding strength, 
stabiiity, settiement/deformation, iong-term durabiiity, etc.) shaii be submitted for 
consideration of acceptabiiity on a case-by-case basis. This inciudes marginai soii types 
from these groups that can be modified using soii amendments or additives such as cement, 
iime, hydrauiic binders, etc., to be rendered suitabie for use provided they meet aii 
requirements (described above) as demonstrated by anaiysis and testing programs, inciuding 
iaboratory triai batching and fieid test sections. 

Soii suitabiiity evaiuations shaii aiso consider potentiaiiy detrimentai properties as foiiows: 
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• Frost susceptibility - In order to reduce the potentiai to cause unacceptabie disturbances 
to track geometry upon freeze/thaw cycies, soii types susceptibie to frost, such as siit or 
ciay, shaii not be used for embankments in regions where coid conditions can occur. 

• Corrosivity - Soii suitabiiity shaii aiso consider corrosion potentiai. Corrosive soiis that 
are potentiaiiy detrimentai to buried metai and/or concrete features (such as OCS poies, 
pipes/cuiverts, geogrid reinforcement, etc.) shaii not be used. 

6.6.4 Embankment Fill Design 

Embankment foresiope inciinations shaii be iimited to 2H:1 V or fiatter for preiiminary engineering 
design. 

For embankments with dimensions exceeding 30 feet in height (measured from originai ground to 
top of siope), designs shaii inciude mid-siope benches for purposes of drainage and faciiitating 
future access for maintenance reasons. Siope benches shaii be 6 feet wide minimum, with 6% 
gradient toward the iow end of the fiii siope, and shaii inciude a iined gutter channei at the 
drainage surface. For taii embankments, siope benches shaii be iaid out on average of every 30 
feet in height (aiiowance from 26- to 32-foot range is considered acceptabie) and shaii be 
connected to the surrounding ground surface for access. 

At the top surface of fiii embankment or cut subgrade ievei (immediateiy underiying track roadbed 
section), the design section shaii have a transverse cross siope drainage gradient of at ieast 4%, 
preferabiy sioped toward the outer edges of the embankment foresiopes. The 4% minimum cross 
siope at subgrade surface must be met even after iong-term settiement. A generai track cross 
section depicting the required cross-siope drainage at the subgrade surface is shown beiow in 
Figure 6-2. 
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Figure 6-2: Track Cross Section with Sloped Subgrade Surface (4% gradient) 

The proposed geometry and dimensions for track embankment sections shaii be confirmed by 
geotechnicai anaiyses (short-term, and iong-term conditions) for stabiiity and 
settiement/movement in accordance with CHSTP TM guideiines. Embankment engineering 
guideiines that shaii be considered for geotechnicai design are summarized in FHWA Soii Siope 
and Embankment Design Manuai FHWA/NHI-05-123, 2005. 

Design shaii consider potentiai probiems associated with movements, inciuding internai 
deformations (compression of fiii materiais) within the embankments, as weii as externai 
deformation in underiying foundation / native soiis beiow the embankment. Internai deformation 
within embankments shaii be controiied by design and use of fiii materiais (in accordance with 
CHSTP TM guideiines and referenced specifications) that have the abiiity to resist the expected 
ioads. Deformation considerations for the embankment shaii consider both verticai as weii as 
iaterai deformation movements. Verticai deformation movements are referred to as settiements. 
Laterai deformation movements can resuit in rotation of embankment earth structures at 
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abutments that is commonly referred to as tilting. Design soiutions for deformation probiems are 
provided in Sections 7.6 and 7.7 of FHWA Soiis and Foundations Reference Manuai FHWA/NHI- 
06-088, Voiume I, dated 2006, UlC 719R 3rd Edition dated 2008, and FHWA Soii Siope and 
Embankment Design Manuai FHWA/NHI-05-123 dated 2005. 

The track substructure (foundation/embankment system) shaii be anaiysed for stabiiity by the 
geotechnicai designer since overstressing of embankment or foundation soii may resuit in 
faiiures. For assessment of ioad due to the earth embankment structure, designers shaii assume 
fiii soii compacted to at ieast 95% of maximum density per ASTM D 1557 for estimation of soii 
unit weight. Potentiai faiiure modes that shaii be considered inciude bearing capacity, 
dispiacement faiiure, transiatory faiiure, rotationai siiding faiiure (extending through the 
foundation), and iaterai squeezing. Anaiyticai procedures for use to assess stress distribution in 
soii foundations underiying embankment fiiis is given in Section 7.3 of FHWA/NHI-06-088, 
Voiume I, dated 2006. Guideiines for additionai stabiiity assessments for both fiii siopes and 
naturai or cut siopes are provided in section 6.8 of this TM. 

For FOS against bearing capacity faiiure, the ievei of stress in the subgrade materiai (directiy 
underiying track structure) due to ioading of track structure components and baiiast, if present, 
pius ioading from trains shaii not exceed an aiiowabie bearing pressure that inciudes a minimum 
FOS of 2.5. 

For stabiiity and settiement anaiysis, consideration shaii be given to additionai actions/ioading 
due to dynamic ioad from passing trains and aiso extreme events (seismic shaking, iiquefaction, 
and reiated strength ioss due to seismic ioad, etc.). Seismic design guideiines for embankments 
and earth structures are provided in Section 6.10 of this TM. The seismic case evaiuations and 
associated anaiyses shouid be dispiacement based ieading to estimates of potentiai iaterai 
deformations of embankments/si opes and ground settiement. 

Embankment section designs shaii avoid having trackways straddie the cut/fiii iine on side-hiii 
sections of mainiine segments, where feasibie. Where embankments are to be iocated on siopes 
or where a new fiii is to be piaced against an existing embankment, the siopes of the originai 
hiiiside or existing embankment shaii be benched in order to provide a notched interface between 
the new fiii and the existing ground. Bench widths are expected to be variabie depending on the 
siope angie; however, bench heights shaii be iimited to 4 feet. A keyway shaii be excavated to 
provide support for the toe of new fiii siopes constructed against siopes. 

Design recommendations shaii be provided to controi subsurface drainage since it is integrai to 
the performance and stabiiity of earth structures as weii as track segments in cuttings (cut 
ground). Standard design guideiines for iongitudinai (sideiine) subdrainage features at track 
shouider subgrade zones are provided in UlC 719R, Section 2.8. 

For reaches of earth embankment at transition zones (immediateiy adjacent to bridge and viaduct 
abutments, tunneis, cut-and-cover structures, and cut sections with an abrupt topographic 
change) the approach embankment shaii be designed to minimize the potentiai for differentiai 
settiement and to provide a smooth transition in the structurai stiffness between different 
infrastructure features. 

6.6.5 Embankment Strengthening and Stabilization Using Geogrids 

For mainiine track segments, embankment design for fiii sections greater than 5 feet in height, 
and with siope inciinations steeper than 2.5H:1V shaii inciude horizontai iayers of geogrid¬ 
reinforcing materiai extending a minimum of 8 feet from the outer edge surface of fiii foresiopes 
inward toward the center of the embankment body. The geogrid reinforcing is required in order to 
improve strength/resistance of the foresiopes of the fiiis and to enhance overaii durabiiity of the 
earth structures for HST mainiine track segments. The maximum verticai spacing between 
consecutive iayers of geogrid reinforcement shaii be 1.5 feet. A generaiized embankment siope 
section detaii is shown beiow in Figure 6-3. 
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Figure 6-3: Geogrid-Reinforced Embankment Foresiope 

Embankment designs shall consider the need for additionai iayers of continuous horizontai 
geogrid reinforcing across the fuii width of embankments to strengthen the body of fiiis and 
controi deformation for segments where oniy poorer quaiity fiii types (per Tabie 6 .3.5-1, second 
coiumn) are avaiiabie, and/or where there are areas of weak foundation conditions (based on site 
expioration and geotechnicai anaiysis). Geotechnicai evaiuation methods for use in the design 
for geogrid-reinforced embankments and controi of embankment deformation are presented in 
the foiiowing technicai guidance reference documents: 

• Geosynthetic Design and Construction Guideiines, Chapter 7, FHWA-HI-95-038, 1998 

• Soiis and Foundations Reference Manuai, Chapters 6 and 7, FHWA-NHI-06-088, Voiume 
I, 2006 

• Soii Siope and Embankment Design Manuai, Chapter 8 , FHWA-NHI-05-123, 2005 


The designer shaii seiect a geogrid materiai with adequate tensiie strength for the proposed use 
and shaii give consideration to other important aspects and properties (such as durabiiity, 
degradation resistance, creep behavior, high moduius, protective poiymer coatings, other 
mechanicai properties that are time dependent, etc.) to meet CHSTP requirements. Metaiiic 
reinforcing eiements shaii not be used, since they are potentiaiiy susceptibie to stray current 
corrosion that causes significant ioss of section over the iife of infrastructure supporting track. 

6.6.6 Special Requirements for Embankments at Floodplains and at Fault Crossings 

For design of embankment segments iocated in fioodpiains, the ievei of highest water shaii be 
estabiished by the hydroiogy and hydrauiics studies based on the ieveis of known fioods. The 
embankment fiii section shaii be designed to protect foresiopes iocated within the highest water 
ievei zone with a surface iayer of drainage materiai and riprap protection as weii as use of an 
underiying “drainage iayer” as shown in Figure 6-4. The drainage iayer shaii extend upward 
aiong the foresiopes to the estimated high fiood water ievei pius 1.5 feet. The granuiar drainage 
materiai shaii contain iess than 5% fine-grained materiai (passing the No. 200 sieve) and compiy 
with Terzaghi’s fiiter criteria, as summarized by Cedegren (1989): 


liter) liter) 

and 

Djodilter) 

D-^ai^oil) 

Where D 15 , D 50 , and Dss are the particie sizes at which 15, 50 and 85%, respectiveiy, of the 
materiai by weight is smaiier. Di 5 (fiiter) denotes the D 15 vaiue for the fiiter materiai, Di 5 (soii) 
denotes the D 15 vaiue for the fiii or subgrade materiai in contact with the fiiter, and so forth. 
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Additionally, the filter material should not be gap or broadly graded. The design process for 
riprap shaii foiiow the approach provided in NCHRP Report 568, Riprap Design Criteria, 
Recommended Specifications, and Quaiity Controi, NCHRP, 2006. 



For embankments iocated in track segments in wet areas where the water tabie is permanentiy or 
periodicaiiy at ground ievei, the embankment shaii be constructed on a iayer of drainage materiai 
as shown in Figure 6-5. This materiai shaii not deteriorate or sweii when immersed in water. It 
shaii be weii graded with no more than 10% passing the No. 200 sieve. The grading of the 
drainage materiai shaii compiy with Terzaghi’s fiiter criteria against the subgrade originai ground 
materiai as described above. The thickness of this drainage iayer shaii be reiated to the 
topography of the wet zone, but no iess than 1.5 feet. In flat ground areas, the thickness of the 
layer shall be such that, after consolidation settlement of the bearing subgrade soil, the height of 
the drainage layer shall be at least 9 inches above the natural ground. 



Figure 6-5: Drainage Layer under Embankments in Wet Locations 


For locations where transverse box culvert drainage structures or pipes will be constructed within 
the body of trackway embankments, the embankments shall be designed to minimize the 
potential for differential settlement and to provide a smooth transition in the fill stiffness between 
these different infrastructure features at transition zones. 

Earth structure designs at these locations shall include “approach embankments,” and the design 
details shall specifically take into account the geometrical, geological, and geotechnical 
conditions of the site and the anticipated construction sequence. Design examples for transitions 
from earthworks to culverts or other railway infrastructure features are given in UlC 719R, and 
Innovative Track Systems INNOTRACK Guideline for Subgrade Reinforcement with 
Geosynthetics, Section 9.4 of Report D2.2.6 Project No. TIP5-CT-2006-031415, dated 2009. 

For earthquake fault crossings at locations where track segments on embankment or in cut cross 
earthquake faults classified as hazardous (subject to ground movement/displacement due to 
potential fault rupture) as defined in TM 2.10.6, the earthworks supporting trackway infrastructure 
shall be designed according to guidelines in TM 2.10.6. 
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6.6.7 Embankment Settlement (Magnitude and Rate) and Tolerable Deformations/Movements 

The vertical deformation settiement of embankments (which aiso affects overiying track bed 
structure) is a combination of the settiement movement of the foundation on which it is resting 
pius settiement of the embankment fiii, as shown in Figure 6-6. Conventionai settiement 
anaiyses shaii consider immediate, consoiidation and secondary components of settiement 
against the requirements of CHSTP. For anaiysis of embankments, caicuiation procedures that 
shaii be used to assess soii settiement are given in the foiiowing references: 

• Soii Siope and Embankment Design Manuai, Chapters 4 and 8, FHWA-NHI-05-123, 2005 

• Soiis and Foundations Reference Manuai, Chapter 7, FHWA-NHI- 06-088, Voiume I, 

2006 



settlement of the 
natural ground 
Su 



settlement of the 
embankment 
Se 



settlement out of the 
traffic load 
Sv 


total settlement = Sy + 

Figure 6-6: Settlements of Embankments 

Reference: Figure No. 21 of UIC-719R (2008) 

Geotechnicai evaiuations for embankments and their foundations shaii aiso inciude the 
settiement contribution from surcharge/track ioad, and additionai ioading and/or ground 
deformation due to earthquakes. 

Once the embankments are designed based on safe aiiowabie bearing pressures and satisfying 
stabiiity, the residuai settiement (foiiowing track instaiiation) estimates and differentiai 
dispiacements between iocations aiong the iength of the embankments shaii be evaiuated. 

Settiement occurring after construction of the permanent way tracks shaii be iimited aiong generai 
track segments as foiiows: 

Table 6.6.7-1 Settlement Criteria - Residual Settlement After Placement of Tracks 


Residual Settlement ^ 

Non-Ballasted Track 

Ballasted Track 

Differentiai settiement^ 

s 3/8 inch over 62 feet 

^ 3/4 inch over 62 feet 

Uniform settiement 

< 5/8 inch 

< 1-1/8 inch 

Rate of settiement (per year) 

2 3/16 inch 

< 3/4 inch 
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Notes: 

1. Prior to placement of tracks, embankment sections shaii be instrumented and monitored 
for a period of at ieast 6 to 12 months to ensure compiiance with these requirements for 
residuai settiement. 

2. Differentiai settiement aiong track segments is measured aiong the track (surface profiie 
uniformity) in the verticai piane of each raii at the mid-point of a 62-foot-iong chord. 

If the predicted differentiai dispiacements are excessive and exceed profiie toierances, then 
embankment designs shaii require further modification, and/or ground improvement may be 
needed for the foundation systems. Where predicted settiement movements and their duration 
are excessive, change the design from an embankment to a viaduct or other structure shaii be 
considered. 

Settiement estimates shaii show not oniy how fast construction shouid proceed (appropriate 
timeframe for when instaiiation of overiying permanent way track structure can begin) but aiso 
shaii demonstrate that any ongoing settiements, which occur after the raii iine is opened, can be 
rectified economicaiiy by shimming and/or adjusting track fasteners (verticai adjustment capacity 
approximateiy 0.25 inch), or other routine track maintenance throughout the iong-term design iife 
of the earth structure; if not, advance mitigation aiternatives shaii be considered. For the purpose 
of this section, “long-term” shall be defined as 100 years. Ciearances over raii tracks and 
roadways shaii inciude an aiiowance for anticipated short-term and iong-term movements of earth 
structures. 

Considering that settiement of earth structures is time dependent and wiii vary by segment, the 
geotechnicai engineers shaii evaiuate and estabiish the time duration waiting (ieaving) period 
foiiowing initiai fiii embankment piacement before reieveiing of subgrade and subsequent 
construction of the overiying track bed permanent way is aiiowed to take piace. An iiiustration of 
various settiement parts reiated to time is shown in Figure 6-7. Based on internationai 
experience for other HST systems, the waiting period duration is typicaiiy 6 months to 12 months. 
To meet CHSTP design and performance requirements, a periodic settiement survey program 
shaii be deveioped by the geotechnicai engineer and then impiemented during and after the 
construction phase to monitor settiement at the acceptance check timeframe after iaying track, 
and then iong term residuai settiement as part of the track maintenance program. 


installation of settlenient installation of 
the earthwork waiting period tracks 


put into service 



Figure 6-7: Different Settlement Parts by Time 

Reference: Figure no. 22 of UIC-719R (2008) 
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6.6.8 Embankment Foundation Settlement Mitigation and Foundation Modification Using 
Ground Improvement Methods 

For track embankment segments or at-grade trackway features that do not meet settlement 
criteria or indicate stabiiity probiems, advanced mitigation measures such as pre-ioading, over¬ 
excavation and repiacement, or other ground improvement methods shaii be considered for 
geotechnicai design. 

Ground improvement measures may aiso be necessary for advance mitigation of potentiai 
seismic hazards (such as iiquefaction or seismic stabiiity) or other geoiogic hazards such as 
coiiapsibie soiis, potentiai hydro-consoiidation, regionai subsidence, etc. The seiection of 
mitigation methods or candidate ground improvement options for preiiminary design shaii foiiow 
the process described in detaii in the FHWA Ground Improvement Reference Manuais, Voiumes I 
and II, FHWA-NHI-06-019/020, dated 2006. 

A settlement monitoring program shall be developed and implemented by the geotechnical 
engineer during the construction phase for any mitigation method selected. InSAR techniques 
shall be considered as possible methods for large scale regional monitoring in addition to 
traditional surveying and the use of geotechnical instrumentation during and after construction. 

For track segments located in relatively large-scale geographic areas where deep-seated regional 
subsidence is an ongoing problem with expected duration to continue over some or all of the 
design life, typical ground improvement measures may not be economically feasible. The 
geotechnical engineer shall identify the approximate regional boundary limits for these segments 
and shall provide information to the track and civil designers regarding expected range in total 
magnitude and estimated rate (inches per year) of future regional subsidence movements. 

6.6.9 Evaluation of Earthwork-Related Factors for Shrink/Swell (Shrinkage and Bulking) 
Estimation 

The geotechnical engineers shall provide shrinkage/swell factors for the anticipated cut and 
embankment fill soils for purposes of earthwork quantity computations. Available reference 
sources in common use for approximate factors (earthwork shrink/swell) are listed as follows: 

• Shrink/Swell Factors for Common Materials - Exhibit 4.6-F, FHWA Geotechnical 
Technical Guidance Manual (draft) 2007 

• Geotechnical Design Manual M46-03 - State of Washington Department of 
Transportation, Chapter 10 Soil Cut Design, Table 10-1 Approximate Shrink/Swell 
Factors, WADOT Manual dated September 2005 

Earthwork quantity estimation shall also consider embankment overbuild (higher elevation than 
design profile) that may be necessary on a segment-by-segment basis to allow for short-term and 
long-term settlement movement of the embankment and/or underlying foundation soils supporting 
trackway embankments. 

6.6.10 Erosion Control for Embankment Features 

Geotechnical studies for design shall provide recommendations to the engineering designers for 
erosion control needs. Evaluations shall be based on characterization of embankment materials, 
potential water sources, railway geometries, and slope design. Design recommendations shall be 
provided to control surface drainage when integral to the design or performance of the earth 
structures, such as surface drainage ditches on slopes, interceptor ditches, and drainage 
channels. Geotechnical evaluation to support selection and preliminary design for erosion control 
shall follow the processes described in the reference document titled Design and Implementation 
of Erosion and Sediment Control - Reference Manual, FHWA NHI-05-013, 2006. 

The design details or requirements shall be incorporated in the geotechnical report and 
construction plans. Geotechnical discipline shall coordinate with the hydrology and hydraulics 
and civil design disciplines for erosion control since they provide project-wide drainage design for 
the control of surface drainage. If long-term erosion control measures will include establishing 
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vegetation on slopes, then consideration shaii be given to the use of erosion mats or other 
stabiiization methods for siope inciinations steeper than 3H:1 V. 

Geotechnicai design recommendations shaii aiso inciude evaiuation of temporary construction 
erosion controi requirements on cut-and-fiii siopes when integrai to geotechnicai design or 
performance. For exampie, the requirement to provide bench drainage during construction of 
siopes may be required to ensure construction-phase stabiiity. 

6.7 Retaining Walls, Fill Walls, and Reinforced Soil Systems 

6.7.1 Definitions and Waii Types inciuding Acceptabie and Unacceptabie Waiis 

Waiis shaii be ciassified as either a “fiii wail” or a retained “cut waii.” Exampies of fiii waiis inciude 
standard cantiiever waiis, MSE waiis, and moduiar gravity waiis (gabions, bin waiis, and crib 
waiis). Cut waiis inciude U-waiis, soii naii waiis, cantiiever soidier-piie waiis, and ground- 
anchored waiis (other than naii waiis). 

Waiis shaii be further ciassified as gravity, semi-gravity, non-gravity cantiiever, anchored, or in- 
situ reinforced. For geotechnicai design, the various waii ciassifications, definitions, and 
additionai detaii are provided in Section 11 of AASHTO LRFD-BDS, Caiifornia (Caitrans) 
Amendments, and the FHWA Earth Retaining Structures Reference Manuai (FHWA 2008). Each 
of these waii categories wiii be considered as “generaiiy acceptabie” waiis provided that the 
combined earth/structurai system meets aii of the design and performance criteria. Waii types 
considered to be “unacceptabie” inciude mortar rubbie gravity waiis, timber or metai bin waiis, 
and “rockery” waiis. 

6.7.2 Design Considerations 

Retaining waii and siope designs shaii be coordinated with other project design eiements that 
might interfere with or impact the design or construction of the waii or siope. Seiection of 
appropriate earth retention system for a given setting shaii be based on design constraints, 
geotechnicai subsurface investigations, and surface and groundwater issues. Consideration 
must be given to the presence of (and potentiai confiicts with) drainage features; buried and 
overhead utiiities, OCS poies, iighting or sign structures, adjacent retaining waiis or bridges, 
concrete traffic barriers, and/or fences and guardraiis. These design eiements shaii be iocated in 
a manner that wiii minimize the impacts to the retaining waii or reinforced siope eiements. The 
potentiai effect that site constraints might have on the constructabiiity of the specific waii/siope 
shaii be considered. Additionai constraints to be considered inciude but are not iimited to site 
geometry, access, time required to construct the waii, environmentai issues, and impact on traffic 
fiow and other construction activities. 

The structurai eiements of the waii or siope and the soii beiow, behind, and/or within the structure 
shaii be designed together as a system. The waii or siope system shaii be designed for overaii 
externai stabiiity as weii as internai stabiiity. Overaii externai stabiiity inciudes stabiiity of the 
siope the waii/reinforced siope is a part of and the iocai externai stabiiity (overturning, siiding, and 
bearing capacity). Internai stabiiity inciudes resistance of the structurai members to ioad and, in 
the case of MSE waiis and reinforced siopes, puii-out capacity of the structurai members or soii 
reinforcement from the soii. 

Retaining waiis and RSSs require subsurface data representative of the underiying soii/rock that 
supports the structure. The stabiiity and support characteristics of the underiying soiis, their 
potentiai to settie under the imposed ioads, the usabiiity of any existing excavated soiis for waii / 
reinforced siope backfiii, and the iocation of the groundwater tabie shaii be evaiuated through the 
geotechnicai investigation. 

Feasibie retaining waii heights to be considered for geotechnicai design are affected by issues 
such as the capacity of the waii structurai eiements, past experience with a particuiar waii, current 
practice, seismic factors, iong-term durabiiity, and aesthetics. Waii facing seiection 
considerations are dependent on the aesthetic and structurai needs of the waii system. Waii 
settiement may aiso affect the feasibiiity of the facing options. More than one waii facing may be 
avaiiabie for a given system. The avaiiabie facing options shaii be considered when seiecting a 
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particular wall. Wall type selection and facing options are summarized in FHWA-NHI-07-071, 
Chapter 10. 

The structure and adjacent soii mass must be stabie as a system, and the anticipated movement 
due to settiement for waiis supporting tracks needs to be within acceptabie iimits to meet 
structurai and track movement toierance reguirements provided in Sections 6.3 and 6.6 of this 
TM, as weii as waii aesthetics (visuai appearance) to be estabiished by the structurai designer. 

6.7.3 Limit States and Resistance Factors 

Geotechnicai designs for retaining waiis shaii be performed in accordance with AASHTO LRFD 
Bridge Design Specifications with Caiifornia (Caitrans) Amendments. However the Amendments 
confirm that abutment foundations are not subject to LRFD design approach and so conventionai 
WSD shaii be used. The LRFD process and exampie caicuiations for individuai waii types are 
provided in FHWA-NHI-07-071. Section 11 of the AASHTO (2007) LRFD Specification provides 
information on LRFD for earth-retaining structures, inciuding conventionai retaining waiis, non¬ 
gravity cantiievered waiis, anchored waiis, MSB waiis, and prefabricated moduiar waiis. 

6.7.4 External Loads and Stability Analysis 

AASHTO LRFD Section 11with Caiifornia Amendments shaii be used for evaiuation of stabiiity for 
retaining waiis and abutments. Those provisions inciude caicuiation methods for various waii 
types and shaii inciude anaiyses for overturning, bearing resistance, externai stabiiity (soii 
faiiure), internai stabiiity (safety against structurai faiiure or combined soii-structure faiiure), 
siiding, seismic-ioad case, etc. Overaii stabiiity shaii be evaiuated using iimit eguiiibrium methods 
of anaiysis. For giobai stabiiity anaiysis of waiis on steep siopes; geotechnicai design shaii 
consider the initiai stabiiity of the siope and the impact (or iack of) that the proposed construction 
has on the siope. Earth pressures used in design of waiis and abutments shaii be seiected 
consistent with the reguirement that the abutment movement shaii not exceed toierabie 
dispiacement and settiement per Section 6.7.7 of this TM. 

6.7.5 Groundwater, Seepage, and Drainage Design 

Adeguate drainage behind aii retaining waiis and engineered siopes shaii be inciuded in the 
design and impiemented during construction. An exception to this reguirement is for U-waiis 
(retaining waiis with continuous base siab between them) that are used where the top of trackway 
subgrade is beiow the groundwater tabie/fiood ievei. No permanent dewatering shaii be assumed 
for design of U-waii sections that are undrained structures subject to hydrostatic pressures, both 
iateraiiy and verticaiiy (buoyancy). 

Retaining waii drainage designs shaii provide positive drainage at periodic intervais to prevent 
entrapment of water. Native soii may be used for retaining waii and reinforced siope backfiii 
provided that it meets the reguirements for the particuiar waii/siope system and satisfies iong- 
term deformation reguirements, particuiariy upon wetting. 

Backfiiis behind retaining waiis and abutments shaii be drained, and drainage systems shaii be 
designed to compieteiy drain the entire retained soii voiume behind the retaining waii face. If 
drainage cannot be provided due to site constraints, the abutment or waii shaii be designed for 
ioads due to earth pressure, pius fuii hydrostatic pressure due to water in the backfiii. 

For MSB waiis and RSSs, internai drainage measures shaii be considered for aii structures to 
prevent saturation of the reinforced backfiii and to intercept any surface fiows containing corrosive 
eiements. MSB waiis in cut areas and side-hiii fiiis that intersect groundwater ieveis shaii be 
constructed with drainage biankets in back of, and beneath, the reinforced zone. In cut- and side- 
hill fill areas, if prefabricated modular wall units are used, the structure shall be designed with a 
continuous subsurface drain placed at or near the footing grade and outletted as reguired. In cut 
and side-hill fill areas with established or potential groundwater levels above the footing grade, a 
continuous drainage blanket shall be provided and connected to the longitudinal drain system. 
For systems with open front faces, a surface drainage system shall be provided above the top of 
the wall. 
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At locations where retaining waiis or reinforced siopes may be in contact with water (such as a 
cuivert outfaii, ditch, wetiand, iake, river, or fioodpiain), there is a potentiai risk of scour at the toe. 
This risk must be anaiyzed and mitigated for design and construction. 

Where thin drainage paneis are used behind waiis, and saturated or moist soii behind the paneis 
may be subjected to expansion due to freezing, either insuiation shaii be provided on the waiis to 
prevent freezing of the soii, or the waii shaii be designed for the pressures exerted on the waii by 
frozen soii. 

6.7.6 Seismic Anaiysis for Retaining Waiis and Reinforced Soii Systems 

Section 6.10 of this TM presents procedures for deveioping dynamic soii pressures for seismic 
anaiysis and designing retaining waiis. 

6.7.7 Settiement and Horizontai Deformation Toierances 

Settiement issues, especiaiiy differentiai settiement, are of primary concern in the seiection of 
waiis. Retaining waii and abutment structures shaii be investigated for excessive verticai and 
iaterai dispiacement, and overaii stabiiity, at the service iimit state. Toierabie verticai and iaterai 
deformation iimits for retaining waiis and abutments shaii be deveioped from the structurai 
engineering design and performance criteria based on the function and type of waii, design 
service iife (100 years), and consequences of unacceptabie movements to the waii, tracks, and 
any potentiaiiy affected nearby structures, i.e., both structurai and aesthetic. 

In evaiuating settiement of retaining waiis whose backfiii supports train tracks, consideration shaii 
be given to the time rate of settiement. To avoid excessive defiections in the track, track 
structures shaii not be constructed untii the majority of expected retaining waii settiement has 
aiready occurred has been monitored and documented. In some cases, this may necessitate the 
use of added construction measures to expedite settiement such as surcharging or wick drains. 

6.7.8 Design of Reinforced Soii Siopes (RSS) and Mechanicaiiy Stabiiized Earth (MSE) 
Structures 

Definitions for RSS embankments and MSE structures, as weii as step-by-step design 
methodoiogy and anaiyses that shaii be used for MSE and RSS systems, are provided in the 
LRFD version of the FHWA manuai FHWA-NHI-10-024/25 "Design and Construction of 
Mechanicaiiy Stabiiized Earth Waiis and Reinforced Soii Siopes," Voiumes I and II, dated 
November 2009. Numerous facing systems and geosynthetic reinforcements are avaiiabie, 
however embedded metaiiic strip reinforcing eiements shaii not be used, since they are 
potentiaiiy susceptibie to stray current corrosion that causes significant ioss of section over the 
iife of infrastructure-supporting track. 

6.7.9 Wall Foundation Improvement using Ground Improvement Methods 

At iocations where poor ground conditions are present that couid resuit in retaining waiis or 
abutment features not meeting requirements due to settiement or stabiiity probiems, advanced 
mitigation measures such as ground improvement shaii be considered for geotechnicai design. 
Ground improvement measures may aiso be necessary to mitigate potentiai seismic hazards, 
such as iiquefaction or seismic stabiiity. The seiection of candidate ground improvement 
methods for any specific project shaii foiiow the process described in detaii in the FHWA Ground 
Improvement Reference Manuals, Volumes I and II, FHWA-NHI-06-019/020, dated 2006. 

6.7.10 Lateral Support of Temporary Excavations Systems 

This section will be prepared for final design. 

6.8 SLOPES 

6.8.1 Overview 

This section addresses the analysis and design of slopes, including cut slopes, fill slopes 
(embankment slopes), landslides, and natural slopes. In addition to the provisions herein, sloped 
excavations shall be designed and constructed in accordance with any and all local, state and 
federal regulations, including but not limited to OSHA and Cal-OSHA requirements. 
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The provisions contained herein supersede any siope anaiysis and design provisions contained in 
TM 2.6.7. 

6.8.2 Slopes Requiring Evaluation 

Siope stabiiity shaii be evaiuated where any of the foiiowing conditions are present: 

• Where siope stabiiity reiated geoiogic hazards are present as defined in TM 2.9.3 

• Soii and sedimentary rock siopes steeper than 5:1 (H:V) and igneous and metamorphic 
rock siopes steeper than 3:1 (H:V), and any fiatter siope where the foiiowing adverse 
conditions couid exist: 

o Where there is a potentiai that adverseiy oriented and kinematicaiiy unstabie 
geoiogic joints, bedding, or siip surfaces are potentiaiiy weak 
o Where evidence of prior iandsiiding is present (see TM 2.9.3 for evaiuation 
guideiines) 

o Where quick or sensitive day conditions are present 

o Where iiquefaction-reiated iaterai spreading conditions are present, they shaii be 
evaiuated using the methods described in Section 6.10. 
o Any other conditions that the GE or CEG feei warrants siope stabiiity evaiuations 

With respect to the iocation of a siope reiative to the project right-of-way, the foiiowing criteria 
shaii be used to assess when siope stabiiity evaiuations are required: 

• Where the movement of a potentiai siide mass either directiy or indirectiy couid affect 
HST faciiity operations or integrity, for exampie, where a siope faiiure siide mass couid 
intersect or enveiop tracks, stations, or appurtenant faciiities 

• Where instabiiity of slopes away from the HST facilities couid impact operations or 
integrity, for exampie, iandsiides, debris fiows or rockfaiis that may originate away from 
HST faciiities, but that couid be deposited within SHT faciiities 

6.8.3 Design and Analysis 

The foiiowing sections provide requirements for design and anaiysis of soii and rock siopes. 
Static siope stabiiity anaiysis shaii be considered in the Service 1 Load Case. Siope performance 
is expected to be such that normai operation of the HST faciiities is maintained. Requirements 
for seismic anaiysis and design of siopes are provided in Section 6.10 of this TM. 

6.8.3.1 Loads, Unit Weights, and Surcharges 

Where structures, trains, or other non-earth materiais are present within a siope area, their 
corresponding surcharge ioads shaii be inciuded in siope stability anaiysis. Loading shaii be 
estabiished in accordance with TM 2.3.2. Soii ioads shaii be taken at their nominai vaiues; no 
ioad factors are appiied to soii in siope stabiiity anaiyses. 

6.8.3.2 Slope Stability Analysis Methods 

Anaiysis methods for soii and rock are presented beiow. In some cases, geomateriais may 
exhibit behavior that is intermediate between soii and rock. Such materiais are sometimes 
referred to as intermediate geomateriais (IGM). Since siope stabiiity methods specific to IGMs 
are not generaiiy avaiiabie, both soii and rock methodoiogies shaii be appiied for IGMs, and the 
most conservative resuit shaii govern design. 

6.8.4.2.1 Soil 

Static soii siope stabiiity shaii be evaiuated by caicuiating a EOS using iimit equiiibrium 
procedures with the method of siices. Permissibie methods of iimit equiiibrium anaiysis inciude 
Spencer’s (1967) for any siip surface shape, and Tayior’s (1937) or modified Bishop’s (1955) for 
circuiar siip surfaces. Both circuiar and non-circuiar potentiai faiiures surfaces shaii be 
considered in the anaiyses. Search routines shaii be used to find the siip surface with the iowest 
EOS. The siip surface with the iowest EOS is considered the “criticai siip surface”. Siip surfaces 
with EOS greater than the criticai siip surface shaii aiso be reviewed and considered in the 
design. Wideiy used and weii-vaiidated computer programs for siope stabiiity anaiysis shaii be 
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used such as SLIDE by RocScience, SLOPEAA/ by GEO-SLOPE International, XSTABL, 
UTEXAS3 by the University of Texas, or other equivaient software. 

The FOSs may aiso be caicuiated using finite eiement or finite difference methods that empioy 
the cp-c (strength) reduction method (Dawson et ai., 1999). However, conventionai method of 
siices iimit equiiibrium methods must be run in conjunction with cp-c reduction anaiyses. The cp-c 
reduction method does not require an assumed siip surface (as does the method of siices), which 
can be advantageous when subsurface stratigraphy or other factors couid iead to siip surfaces 
with irreguiar geometry. 

Infinite siope stabiiity anaiyses shaii be performed for soii siopes where shaiiow (6 feet or iess) 
downsiope seepage paraiiei to the siope face couid deveiop. Such a hydrogeoiogic condition 
couid resuit where a shaiiow iayer is underiain by a iess permeabie iayer (i.e., residuaiiy 
weathered soii over bedrock), and rainfaii potentiai or temporary submergence is sufficient to 
saturate the iess permeabie iayer. Infinite siope stabiiity anaiyses shaii be conducted in 
accordance with the anaiyticai methods presented in Section 5.5 of FHWA (2005). 

6.8.4.2.2 Rock 

For the purpose of siope stabiiity anaiysis, rock siopes are characterized herein by groups based 
on the anisotropic or isotropic characteristics of the rock mass. Therefore, the first step in 
anaiysis of the rock siope is to estabiish if the rock mass is anisotropic or isotropic. 

The first group assumes the rock mass consists of heterogeneous rock masses with structurai 
anisotropic systems of reiativeiy reguiar discontinuities in the form of joint sets, bedding, fissures, 
or foiiation. The strength and siope stabiiity of these types of rock masses is typicaiiy controiied 
by the discontinuities, and anaiyticai techniques for siope stabiiity assessment shaii consider the 
kinematic stabiiity of biocks or groups of biocks siiding upon the discontinuities, or toppiing. Limit 
equiiibrium methods that caicuiate a EOS shaii be used. These anaiyses shaii consider biocks 
that are kinematicaiiy permissibie as evaiuated by the Markiand (1972) method, biock theory 
(Goodman and Shi, 1985), or rock siope engineering techniques described by Hoek and Bray 
(1981) and Wyiiie and Mah (2004). If computer software is used for rock siope stabiiity anaiyses, 
it shaii be weii vaiidated and wideiy accepted. 

The second group assumes the rock mass consists of homogeneous and isotropic rock masses 
with irreguiar and/or cioseiy spaced discontinuities that do not have weii defined systematic 
pianes of weakness. The evaiuation of the stabiiity of these types of siopes shaii be based on the 
non-circuiar iimit equiiibrium techniques described above for soii, except that a suitabie rock 
strength modei shaii be used such as Generai Hoek-Brown criterion (Hoek et ai., 2002; Wyiiie 
and Mah, 2004; Hoek, 2010). 

Where rock siopes existing upsiope of HST faciiities and have the potentiai to shed rock pieces 
over time, an evaiuation of the rock faii hazard shaii be performed in accordance with the 
procedures outiined in the FHWA and Oregon DOT (2001) Rockfaii Catchment Area Design 
Guide. Computer programs that modei rockfaii physics such as the Coiorado Rockfaii Simuiation 
Program (CRSP III) or RocFall (by RocScience), or other equivaient software, may be used in 
conjunction with the FWHA procedures. Rockfaii catchment basin width and inciination shaii be 
designed to retain 99% of faiien rocks. If right-of-way is not avaiiabie to size catchment basins to 
achieve 99% rockfaii retention, additionai mitigation measures such as rockfaii protection waiis, 
wire mesh, cabie drape, or catchment fences shaii be used in the design. In areas where rock fall 
is a critical problem, a railway slide fence with electronic warning system shall be installed in 
conjunction with an appropriate catchment ditch and rock fall retention system described above. 
Other warning systems for rockfaii events that may be considered are as follows: 

1. Acoustic sensing 

2. Electromagnetic sensing 

3. Seismic sensing 

4. Visual sensing, using cameras 
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6.8.4.2.3 Input Data and Parameters 

Input data and parameters used in slope stability anaiyses for both soii and rock shaii take into 
consideration geoiogy, groundwater and rainfaii, and proposed geometry/topography. Soii 
engineering parameters shaii be deveioped for use in siope stabiiity anaiyses in accordance with 
Section 6.2 of this TM. 

When avaiiabie, empiricai or historicai data and direct observation within the geoiogic unit on the 
past performance of simiiar siopes shaii be considered in siope stabiiity evaiuations. In particular, 
when assessing existing landslides, shear strength parameters back-calculated from previous 
failures shall be considered. 

Drained or undrained shear strength parameters shall be selected, depending on the rate of 
loading and the permeability characteristics of the soil or rock. In general, undrained strengths 
should be used for relatively short-term loads and end-of-construction cases. Long-term stability 
should generally use drained strengths. In the analysis of existing landslides, residual shear 
strengths shall be used for existing landslide slip planes. FHWA (2005) Section 4 should be 
consulted for additional guidance on the selection of shear strength parameters. 

6.8.4.2.4 Minimum Factors of Safety 

The FOS calculated with the methods above for soil and rock shall meet the following minimum 
requirements. For the Service 1 static slope stability case, the FOS is simply the inverse of the 
resistance factor (cp); FOS=1/cp. 

Slopes shall be designed so that the minimum FOS of any slip surface (or cp-c reduction 
scenario) is 1.3 or greater for short-term construction cases and 1.5 or greater for long-term static 
cases. If a slope must be designed to meet the standards of another agency, such as a city, 
county, or right-of-way holder that has more stringent requirements, then the more stringent 
requirement shall govern. 

Short-term construction cases could include: 

• Sidewalls of sloped temporary excavations 

• Temporary surcharge fill slopes 

• Temporary back cuts 

• The end-of-fill placement (sometimes referred to as the end-of-construction case) for fills 
over fine-grained foundation soils that will behave undrained or partially undrained during 
construction, and will gain strength over time 

• Construction stages prior to the end-of-construction if the staging is such that an 
intermediate stage could be critical. Such conditions could arise when significant 
consolidation of fined-grained soils is allowed to occur between stages 

6.8.4 Requirements for New Slopes 

New fill slopes in soil shall be no steeper than 2H:1V. If 2H:1V slopes cannot be achieved 
because of geometric and/or right-of-way restrictions, the design will likely have to incorporate 
retaining walls. 

Refer to Section 6.6 Track Bed Embankments and Embankment Foundations for slope benching 
and geosynthetic reinforcement requirements. 

Limitations on the inclination of rock slopes and cut slopes in soil are not imposed. Maximum 
inclinations shall be established based on achieving the minimum FOS and rockfall protection 
requirements described earlier. For soil cut slope configurations over 30 feet in height, designs 
shall include mid-slope benches for purposes of drainage and of facilitating future access for 
maintenance reasons. Slope benches are typically 6 feet wide with 6% gradient toward the low 
end of the cut slope, and include a lined gutter channel at the drainage surface. For deep cut 
slopes in soil, slope benches shall be laid out on average of every 30 feet in height (allowance 
from 26- to 32-foot range is considered acceptable) and shall be connected to the surrounding 
ground surface for access. 
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6.8.5 Landslides 

Evaluations of the stability of iandsiides require speciai attention and speciaiized techniques. 
Geomorphic evidence of iandsiiding shaii be evaiuated through examination of a series (different 
years) of aeriai photographs (preferabiy stereographic, if avaiiabie), geoiogic/iandsiide hazard 
maps, and topographic maps. 

The method of anaiyses shaii first take into consideration the styie of siope faiiure that has 
occurred in the formation to be anaiyzed as weii as the recognized behavior of that formation. 
Soii and rock engineering parameters shaii aiso consider the proven performance vaiues for the 
subject formations. Locating the siip surface is a criticai step in the characterization of a 
iandsiide. Techniques that shaii be considered for iocating siip surfaces inciude surficiai 
mapping, down-hoie iogging of iarge diameter borings, continuous sampiing of borings, and 
monitoring with inciinometers. Siope stabiiity anaiyses conducted for iandsiides shaii consider 
siiding aiong the existing siip surface as weii as siiding upon potentiai new siip surfaces. 

Shear strength parameters for the stabiiity anaiyses of iandsiides shaii be based on the shear 
strength aiong the existing siide piane. Shear strength parameters used in iandsiide anaiyses 
shaii consider vaiues back-caicuiated from siope stabiiity anaiysis of the pre-siide configuration 
and groundwater conditions. Back-caicuiated vaiues shouid be compared with data obtained 
from iaboratory testing. In performing iaboratory testing to evaiuate shear strength of a iandsiide 
siip surface, the shearing shaii be performed aiong a pre-sheared surface using either a direct 
shear or ring shear test. It is preferabie that the pre-sheared surface be that of the actuai 
iandsiide siip surface, such that the iaboratory specimen is prepared from a biock sampie taken 
directiy from the siide piane in a iarge-diameter boring. If this is not possibie, then an intact 
specimen can be used that is pre-cut aiong the siip surface with a knife prior to shearing. The 
shear test dispiacement shaii be iarge enough such that no appreciabie reduction in shearing 
resistance occurs with additionai shearing (residuai strength condition is achieved). With the 
direct shear apparatus, this typicaiiy invoives repeated cycies of shear, with the shear strength 
piotted against the aggregate of the unidirectionai shear dispiacement. Further background on 
these procedures can be found in Biake et ai. (2002). 

Additionai guidance on the evaiuation of iandsiides is provided in FHWA (2005). 

6.8.6 Seismic Analysis for Design of Slopes 

Seismic anaiysis and design of siopes shaii be performed in accordance with Section 6.10 of this 
TM. 

6.8.7 Slope Deformations 

The potentiai for siope deformation shaii be considered in the design. The potentiai mechanisms 
of deformation inciude settiement because of consoiidation or compression, settiement because 
of coiiapse upon wetting, shrink and sweii caused by changes in moisture content, and creep- 
type shear dispiacement. Section 6.6.11 of this TM addresses settiement due to consoiidation 
and compression. 

The potentiai for shrink and sweii resuiting from changes in moisture content and/or stress shaii 
be addressed in design of cut siopes. Anaiysis shaii be conducted to assure that movements due 
to shrink and sweii are iess than the maximum dispiacements permitted for the project. Removai 
of expansive soii or rock and repiacement with non- or very iow-expansive materiai shaii be 
performed as needed to meet maximum aiiowabie dispiacement criteria. Constraints on 
acceptabie fiii materiai types described in Section 6.6 of this TM are such that shrink and sweii 
shouid not pose a probiem for fiii siopes and embankments. 

Creep-type shear dispiacements occur in the downward direction of many siopes and are 
typicaiiy characterized dispiacement rates on the order of 1 inch per year or iess. Creep may 
occur in a reiativeiy shaiiow zone (i.e., the upper 5 to 10 feet) because of the effects of seasonai 
wetting/drying or freeze/thaw cycies. Deeper-seated creep movement can occur in association 
with historic, prehistoric, or incipient iandsiides. In existing siopes, creep may be observed by 
siope inciinometer measurements, or may be evidenced by tiited or curved trees. Creep potentiai 
shaii be considered in siope stabiiity design, particuiariy when evidence of creep is observed in 
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the field, or where past experience has shown site soii or rock to be creep prone. Where creep 
movements couid resuit in adverse effects to HST faciiities, mitigation methods shaii be empioyed 
in the design. 

6.8.8 Drainage and Erosion Controi for Siopes 

Drainage provisions and permanent erosion controi faciiities to iimit erosion (including soii erosion 
and rock siope degradation) are required for design of cut siopes. Surface drainage shaii be 
accompiished through the use of drainage ditches and berms iocated above the top of the cut, 
around the sides of the cut, and at the base of the cut. Erosion controi for cut and fiii siopes shaii 
be performed in accordance with Section 6.6.10 of this TM. 

6.8.9 Slope Stability Mitigation Methods 

Where the minimum required FOSs cannot be achieved or the aiignment cannot be reiocated 
away from unstabie siopes, measures to enhance siope stabiiity or mitigate the effects of 
potentiaiiy unstabie siopes are warranted. In addition to the discussion beiow. Section 9 of 
FHWA (2005) shaii be used as guidance for siope stabiiity mitigation methods. Methods of siope 
stabiiity mitigation not described herein or in FHWA (2005) may be considered provided they can 
be proved effective through anaiysis and previous experience. 

Subsurface drainage can enhance siope stabiiity by reducing pore water pressures and 
increasing effective stress, and by reducing the driving stresses from saturated soiis and water- 
fiiied cracks. Methods of subsurface drainage for siope stabiiization inciude horizontai drains, 
weiis, and trench drains. For iong-term appiications, passive (gravity fiow) forms of drainage 
such as horizontai drains and gravity fiow trenches are generaiiy preferred over active systems 
such as weiis that require pumping. 

Unstabie siopes can be mitigated through removai of the weak and unstabie materiai and through 
repiacement with a suitabie compacted fiii. This removai and repiacement method is typicaiiy 
combined with the instaiiation of subsurface drainage measures. Siope stabiiity can be enhanced 
through grading that reduces the driving forces and/or increases the resisting forces. Buttresses 
constructed in the toe area of as siope can utiiize weight and higher shear strength to increase 
resisting forces. Driving forces can be reduced by removai of materiai near the top of the siope. 

Siope stabiiity enhancements couid inciude adding structurai inciusions such as soidier piies, soii 
naiis, anchors, doweis, or geosynthetics. The efficacy of any siope stabiiity mitigation method 
shaii be demonstrated through stabiiity anaiyses using the iimit equiiibrium methods described 
eariier. 

For cases where debris fiow-type faiiures from existing naturai siopes couid impact HST faciiities, 
debris fiow diversion waiis may be considered as a mitigation method. Cuiverts that are fed by 
drainages and tributaries shouid be sized with consideration for debris fiow potentiai. Debris-fiow 
diversion waiis shaii be designed to withstand the impact from debris fiows and to controi and 
redirect them such that there is no adverse impact to HST faciiities. 

6.9 Ground Improvement 

Ground improvement shaii be considered as a design aiternative for conditions such as, but not 
iimited to, the foiiowing: 

• As an aiternative to deep foundations where poor (i.e., compressibie, weak, iiquefiabie) 
soiis are present 

• Mitigation of excessive settiements due to soft and/or compressibie soiis 

• Siope stabiiization 

• Liquefaction mitigation 

• Expedite settiement by enhanced drainage 

• Make soii iess permeabie 

• Improve ground behavior for tunneiing 
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• Temporary support (underpinning) for existing foundations 
Methods of ground improvement generaiiy consist of the foiiowing: 

• Verticai drains 

• Vibro-compaction 

• Deep dynamic compaction 

• Stone coiumns 

• Compaction grouting 

• Jet grouting 

• Permeation grouting 

• Deep soii mixing 

Ground improvement design shaii be performed in accordance with FHWA (2006) “Ground 
Improvements Reference Manuai Voiumes 1 and 2, FHWA-NHI-06-019 and FHWA-NHI-06-019.” 
Ground improvement shaii be designed to achieve performance requirements with respect, giobai 
stabiiity, bearing capacity, and settiement. The ground improvement design shaii inciude a 
construction quaiity assurance program that specifies fieid observation and testing methods 
necessary to verify the design objectives are achieved. 

6.10 Geotechnical Earthquake Engineering 

6.10.1 Seismic Design Criteria 

Seismic design criteria for geotechnicai earthquake engineering have been estabiished in terms 
of two ieveis of project performance criteria and associated ground motion ieveis in TM 2.10.4. 

Geotechnicai seismic design shaii be consistent with the phiiosophy for structurai design for the 
two performance ieveis. The performance objective shaii be achieved at a seismic risk ievei that 
is consistent with the seismic risk ievei required for that seismic event. Siope instabiiity and other 
seismic hazards such as iiquefaction, iaterai spread, post-iiquefaction piie downdrag, and seismic 
movement/settiement may require mitigation to ensure that acceptabie performance is obtained 
during a design seismic event. The geotechnicai designer shaii evaiuate the potentiai for 
differentiai movement/settiement between mitigated and non-mitigated soiis. Additionai 
measures may be required to iimit differentiai movement/settiements to toierabie ieveis both for 
static and seismic conditions. The foundations shaii aiso be designed to address iiquefaction, 
iaterai spread, and other seismic effects to prevent coiiapse. Aii earth-retaining structures shaii 
be evaiuated and designed for seismic stabiiity internaiiy and externaiiy. Cut siopes in soii and 
rock, fiii siopes, and embankments, especiaiiy those which couid have significant impact on the 
operations of HST shaii be evaiuated for instabiiity due to design seismic events and associated 
geoiogic hazards. 

6.10.2 Design Ground Motions 

Methods to deveiop design ground motions for this project which are appiicabie to geotechnicai 
earthquake engineering are presented in TM 2.9.6 for 30% design. 

6.10.3 Site Response and Ground Ampiification 

Methods to perform site-specific site response anaiysis, where needed, are presented in TM 2.9.6 
for the 30% design. 

6.10.4 Limits on Site Response Anaiyses 

Limits on site response anaiyses are presented in TM 2.9.6 for 30% design. 

6.10.5 Seismic Soii-Structure interaction Anaiysis 

Requirements pertaining to soii-structure-interaction (SSI) analyses are pending. 
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6.10.6 Liquefaction Triggering and Consequences 

Evaluation of soil liquefaction triggering potentiai shaii be performed in two steps. The first step 
invoives evaiuating whether the soii meets the compositionai criteria necessary for iiquefaction. 
For soiis meeting the compositionai criteria, the next step is to evaiuate whether the design ievei 
ground shaking is sufficient to trigger iiquefaction given the soii’s in-situ density. If it is assessed 
that iiquefaction wiii be triggered, the engineering consequences of iiquefaction shaii be 
evaiuated. In addition to triggering for iiquefaction, the geotechnicai engineer shaii aiso consider 
the aiiowabie deformation vaiues described in Section 6.3.5 of this TM and the iong-term, post¬ 
construction performance requirements for earth and fiii conditions. 

6.10.6.1 Compositional Criteria for Liquefaction Susceptibility of Silty and Clayey Soils 

Evaiuation of whether siity and ciayey soiis meet the criteria for iiquefaction susceptibiiity shaii be 
performed primariiy using the criteria deveioped by Bray and Sancio (2006) and compared to 
resuits by anaiysis using the methods presented in Idriss and Bouianger (2008). Resuits of these 
two methods of anaiyses shaii be interpreted and appiied to design using engineering judgment. 

For fine-grained soiis (especiaiiy soiis that are potentiaiiy sensitive) that do not meet the above 
criteria for iiquefaction, cyciic softening resuiting from seismic shaking shaii be performed. 
Considering the range of criteria currentiy avaiiabie in the iiterature, geotechnicai engineers shaii 
consider performing cyciic triaxiai or simpie shear iaboratory tests on undisturbed soii sampies to 
assess cyciic response for criticai cases. 

6.10.6.2 Criteria for Liquefaction Susceptibility of Gravels 

Gravei iayers bounded by iower permeabiiity iayers shaii be considered potentiaiiy susceptibie to 
iiquefaction, and their iiquefaction susceptibiiity shaii be evaiuated. A gravei iayer that contains 
sufficient sand to reduce its permeabiiity to a ievei near that of the sand, even if not bounded by 
iower permeabiiity iayers, shaii aiso be considered susceptibie to iiquefaction and its iiquefaction 
potentiai shaii be evaiuated as such. Fieid investigation methods appropriate for soii iayers 
containing graveis include the Becker Hammer Penetration Test (BPT), Large Sampier 
Penetration Test (LPT), and smaii intervai SPT. Seed et ai. (2003) discusses different methods 
for performing iiquefaction anaiysis in coarse and graveiiy soiis. 

6.10.7 Liquefaction Triggering Evaluations 

Liquefaction-triggering evaiuations shaii be performed for sites that meet both of the foiiowing two 
criteria: 


• The estimated maximum groundwater eievation at the site is within 75 feet of the existing 
ground surface or proposed finished grade, whichever is iower. 

• The subsurface profiie is characterized in the upper 75 feet as having soiis that meet the 
compositionai criteria for iiquefaction with a measured SPT resistance, corrected for 
overburden pressure and hammer energy (Ni)6o-cs, less than 33 biows/ft., or a cone tip 
resistance qciN-cs of iess than 185, or a geoiogic unit is present at the site that has been 
observed to iiquefy in past earthquakes. 

CPT and/or CPTu (with pore water pressure measurement) shaii be used as the primary method 
of fieid investigation for iiquefaction anaiysis where it can be advanced without premature refusai. 
SPT shaii be used as the primary iiquefaction evaiuation method where borings are performed. 
LPT, shear wave veiocity (Vs), or BPT shaii be used in soiis difficuit to test using SPT and CPT 
methods, such as graveiiy soiis. In addition, smaii intervai SPT (biow counts measured for every 
1 inch) shaii be used in graveiiy soiis. More rigorous, noniinear, dynamic, effective stress 
computer modeis may be used for site conditions or situations that are not modeiied weii by the 
simpiified methods. 

6.10.7.1 Simplified Procedures 

Aii three simpiified methods by Youd et ai. (2001), Seed et ai. (2003), and Idriss and Bouianger 
(2008) shaii be used for iiquefaction-triggering anaiysis for each boring and/or CPT. The Modified 
Chinese Criteria for ciayey soiis in the Youd et ai. (2001) method shaii not be used. Resuits in 
terms of FOS shaii be reported. Resuits of these anaiyses shaii be interpreted according to the 
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following. If the FOS values between the three methods are within 20% of each other, an 
average FOS shaii be reported for that particuiar boring and/or OPT. If the FOS values from 
these three methods vary by more than 20% and use of the more conservative results for design 
would have significant cost consequences, some additional evaluations may be warranted. The 
additional evaluations shall include an assessment of which method best applies to this specific 
case, additional soil-specific field and laboratory testing, and/or review by an expert panel. 

The potential consequences of liquefaction and (if necessary) liquefaction hazard mitigation 
measures shall be evaluated if the FOS against liquefaction is less than 1.2. 

6.10.7.2 Liquefaction-Induced Movement/Settlement 

Both dry and saturated deposits of loose granular soils tend to density and settle during and/or 
following earthquake shaking. Methods to estimate movement/settlement of unsaturated granular 
deposits are presented in Section 6.10.14 of this TM. Liquefaction-induced total ground 
settlement of saturated granular deposits shall be estimated using at least two of the following 
methods: Ishihara and Yoshimine (1992), Zhang et al. (2002), Idriss and Boulanger (2008), and 
Cetin et al. (2009). Other methods (i.e., more recently developed methods that are an 
improvement) may be used if justified and approved by the PMT. Where only sparse or widely- 
spaced borings or OPT data are available, differential settlement between two adjacent supports 
shall be assumed to one-half of the total settlement (Martin and Lew, 1999). The corrected SPT 
blow counts and OPT tip resistance values for estimating movements/settlements shall include all 
corrections, including the corrections for fines. However, it should be noted that the corrections 
for fines for settlement calculations are different than the corrections for liquefaction analyses. In 
addition, the CSR values shall also be corrected for magnitude before estimating settlements. If 
a laboratory-based analysis of liquefaction-induced settlement is needed, laboratory cyclic triaxial 
shear or cyclic simple shear testing may be used to evaluate the liquefaction-induced vertical 
settlement in lieu of empirical SPT- or CPT-based criteria. Even when laboratory-based 
volumetric strain test results are obtained and used for design, the empirical methods shall be 
used to qualitatively check the reasonableness of the laboratory test results. 

It should be noted that all of these estimates are free-field settlements, and structural 
movement/settlements resulting from soil liquefaction are more important in most of the cases 
(Bray and Dashti, 2010). Structural movement/settlements may also result from shear-induced 
movements. Hence, methods that are used for estimating lateral ground movements may be 
required. 

The geotechnical engineer shall compare the estimated movement/settlement values with the 
allowable deformation values described in Section 6.3.5 of this TM and develop mitigation plans 
described in Section 6.10.9 of this TM, if necessary. The geotechnical engineer shall also 
consider the long-term, post-construction requirements for earth-and-fill conditions. 

6.10.7.3 Liquefied Residuai Strength Parameters 

Unless soil-specific laboratory performance tests are conducted as described later in this section, 
residual strengths of liquefied soil shall be evaluated using at least two of these procedures: Seed 
and Harder (1990), Idriss and Boulanger (2008), Olson and Stark (2002), and Kramer and Wang 
(2011). Design liquefied residual shear strengths shall be based on weighted average of the 
results; Ledezma and Bray (2010) may be used as a reference to select a reasonable weighting 
scheme. Other methods for estimating liquefied residual shear strength (i.e., more recently 
developed methods that are an improvement) may be used if justified and approved by PMT. 
Results of laboratory cyclic triaxial shear or cyclic simple shear testing may be used to evaluate 
the residual strength in lieu of empirical SPT- or CPT-based criteria. Even when laboratory- 
based test results are obtained and used for design, two of the above empirical methods shall be 
used to qualitatively check the reasonableness of the laboratory test results. It shall be noted that 
SPT N fines content corrections for residual strength calculations are different than corrections for 
liquefaction triggering and settlement. 

6.10.7.4 Surface Manifestations 

The assessment of whether surface manifestation of liquefaction (such as sand boils, ground 
fissures, etc.) will occur during earthquake shaking at a level-ground site that is not within a few 
hundred feet of a free face shall be made using the method outlined by Ishihara (1985) and shall 
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be compared against results by the method presented in Youd and Garris (1995). It is 
emphasized that settiement may occur, even with the absence of surface manifestation. The 
Ishihara (1985) method is based on the thickness of the potentiaiiy iiquefiabie iayer (H 2 ) and the 
thickness of the non-iiquefiabie crust (Hi) at a given site. In the case of a site with stratified soiis 
containing both potentiaiiy iiquefiabie and non-iiquefiabie soiis, the thickness of a potentiaiiy 
iiquefiabie iayer (H 2 ) shaii be estimated using the method proposed by Ishihara (1985) and Martin 
et ai. (1991). If the site contains potentiai for surface manifestation, then use of mitigation 
methods shaii be evaiuated. 

6.10.8 Evaluation of Lateral Spreading and Consequences 

Laterai spreading shaii be evaiuated for a site if iiquefaction is expected to trigger within 50 feet of 
the ground surface, and either a ground surface siope gradient of 0.1% or more exists, or a free 
face conditions (such as an adjacent river bank) exists. Use Shamoto et ai. (1998) as a method 
to assess the maximum distance from the free face where iaterai spreading dispiacements couid 
occur. Historic and paieoseismic evidence of iaterai spreading is vaiuabie information that shaii 
aiso be reviewed and addressed. Such evidence may inciude sand boiis, soii shear zones, and 
topographic geometry indicating a spread has occurred in the past. 

6.10.8.1 Methodologies for Predicting Lateral Spreading 

If there is a free face condition, the post-iiquefaction fiow faiiure FOS of an earth siope or sioping 
ground shaii be estimated per Section 6.10.15.1 of this TM before estimating iiquefaction-induced 
iaterai movements. If the post-liquefaction stability FOS is less than 1.0 then empirical or 
analytical methods cannot generally be used to reliably predict the amount of ground movement. 

In order to predict the permanent deformations resulting from the occurrence of lateral spreading 
during earthquake loading, several methods of analyses are available. These different methods 
of analyses can be categorized into two general types: Empirical Methods and Analytical 
Methods. 

Empirical Methods 

The most common empirical methods to estimate lateral displacements are Youd et ai. (2002), 
Bardet et ai. (1999), Zhang et ai. (2004), Faris et ai. (2006) and Idriss and Boulanger (2008). 
Analysts shall be aware of the applicability and limitations of each method. Lateral displacements 
shall be evaluated using the Zhang et ai. (2004) method and at least one of the other methods 
described above. 

Empirical methods shall be used as the primary means to estimate deformations due to lateral 
spreading. Multiple models shall be considered, and the range of results shall be reported. 

Analytical Methods 

For cases where slope geometry, structural reinforcement, or other site-specific features are not 
compatible with the assumptions of the empirical methods, the Newmark sliding block analyses 
shall be used. Newmark analyses shall be conducted similar to that described in the seismic 
slope stability section, except that estimation of the yield acceleration (ky) shall consider strength 
degradation due to liquefaction. In addition, numerical methods using finite elements and/or finite 
difference approach may be used. 

The geotechnical engineer shall compare the estimated lateral spread values with the allowable 
deformation values described in Section 6.3.5 of this TM and develop mitigation plans described 
in Section 6.10.9, if necessary. The geotechnical engineer shall also consider the long-term, 
post-construction performance requirements for earth-and-fill conditions. 

6.10.9 Analysis for Conceptual Design of Liquefaction Mitigation Methods 

During the liquefaction evaluation, the engineer shall evaluate the extent of liquefaction and 
potential consequences such as bearing failure, slope stability, and/or vertical and/or horizontal 
deformations. Similarly, the engineer shall evaluate the liquefaction hazard in terms of depth and 
lateral extent affecting the structure in question. The lateral extent affecting the structure will 
depend on whether there is potential for large lateral spreads toward or away from the structure 
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and the influence of liquefied ground surrounding mitigated soiis within the perimeter of the 
structure. 

Large iaterai spread or fiow faiiure hazards may be mitigated by the impiementation of 
containment structures, removai or treatment of iiquefiabie soiis, modification of site geometry, 
structurai resistance, or drainage to iower the groundwater tabie. 

Where iiquefiabie dean sands are present, geotechnicai evaiuations for design shaii consider an 
area of softening due to seepage fiow occurring iateraiiy beyond the iimit of improved ground a 
distance of two-thirds of the iiquefiabie iayer thickness, as described in studies by lai et ai (1988). 
To caicuiate the iiquefiabie thickness, simiiar criteria shaii be used as that empioyed to evaiuate 
the issue of surface manifestation by the Ishihara (1985) method. For ievei ground conditions 
where iaterai spread is not a concern or the site is not a water front, this buffer zone shaii not be 
iess than 15 feet and it is iikeiy not to exceed 35 feet when the depth of iiquefaction is considered 
as 50 feet, and the entire soii profiie consists of iiquefiabie sand. 

The performance criteria for iiquefaction mitigation, estabiished during the initiai investigation, 
shaii be in the form of a minimum and average penetration-resistance vaiue associated with a soii 
type (fines content, day fraction, USCS ciassification, CRT soii behavior type index Ic, normaiized 
CRT friction ratio), or a toierabie iiquefaction settiement as caicuiated by procedures discussed 
eariier. The choice of mitigation methods wiii depend on the extent of iiquefaction and the reiated 
consequences. Aiso, the cost of mitigation must be considered in iight of an acceptabie ievei of 
risk. In generai, options for mitigations are divided into two categories: ground improvement 
options and structurai options. 

6.10.9.1 Ground Improvement Options 

There are many different methods of ground improvement. The five primary methods of ground 
improvement (and some exampies of each of them) to be considered for soii iiquefaction 
mitigation are: 

• Repiacement 

o Excavate and repiace with compacted fiii 

• Vibratory Densification 
o Vibro-compaction 

o Vibro-repiacement stone coiumns (combination of vibration and dispiacement) 
o Deep dynamic compaction 

• Dispiacement Densification/Reinforcement 
o Compaction grouting 

o Dispiacement piies 

o Vibro-repiacement stone coiumns (combination of vibration and dispiacement) 

• Mixing/Soiidification 

o Rermeation grouting 
o Deep soii mixing 
o Jet grouting 

• Drainage 

o Rassive or active dewatering systems 
o (Earthquake drains are permitted for use) 

The impiementation of these techniques shaii be designed to fuiiy, or partiaiiy, eiiminate the 
iiquefaction potentiai, depending on the requirements of the engineered faciiity under 
consideration. Further detaiis, appiicabiiity, and iimitations of these techniques can be found in 
Martin and Lew (1999). 

6.10.9.2 Structural Options 

Structurai mitigation invoives designing the structure to withstand the forces and dispiacements 
that resuit from iiquefaction. In some cases, structural mitigation for liquefaction effects may be 
more economical than soil improvement mitigation methods. However, structural mitigation may 
have little or no effect on the soil itself and may not reduce the potential for liquefaction. With 
structural mitigation, liquefaction and related ground deformations will still occur. The structural 



Page 94 





California High-Speed Train Project 


Geotechnical Analysis and Design Guidelines, R1 


mitigation shaii be designed to produce acceptabie structurai performance (consistent with the 
requirements for the two design earthquakes) in terms of iiquefaction/iaterai spread-induced 
dispiacements and structurai damage. The appropriate means of structurai mitigation may 
depend on the magnitude and type of iiquefaction-induced soii deformation or ioad. 

Depending on the type of structure and amount and extent of liquefaction, common structurai 
options to be considered are as foiiows: 

• Piies or caissons extending to non-iiquefiabie soii or bedrock beiow the potentiaiiy 
iiquefiabie soiis 

• Post-tensioned siab foundation (appropriate oniy for smaii, iightiy ioaded structures) 

• Continuous spread footings having isoiated footings interconnected with grade beams 

• Mat foundation (appropriate oniy for smaii, iightiy ioaded structures) 

Detaiis, appiicabiiity, and iimitations of these techniques can be found in Martin and Lew (1999). 
Additionai requirements for design of piies in iiquefied soii are presented beiow. 

6.10.10 Seismic Considerations for Laterai Design of Piies in Liquefiabie Soiis 

Seismic considerations for iaterai design of piie/shaft design in soiis inciude the effects of 
iiquefaction on the iaterai response of piies/shafts and designing for the additionai ioads due to 
iaterai spread and/or siope faiiures. Effects of iiquefiabie soiis shaii be inciuded in the iaterai 
anaiysis of piies/shafts by using appropriate p-y curves to represent iiquefiabie soiis. Liquefied 
soii p-y curves shaii be estimated using the static API sand modei reduced by a p-muitipiier using 
the method of Brandenberg, et ai. (2007) and Bouianger, et ai. (2007). 

The dispiacement-based approach for evaiuating the impact of iiquefaction-induced iaterai 
spreading ioads on deep foundation systems that shaii foiiow Caitrans’ “Guideiines on Foundation 
Loading and Deformation Due to Liquefaction Induced Lateral Spreading,” dated February 2011 
( http://dap3.dot.ca.aov/shake stable/references/Guidelines%20on%20Foundation%20Loadina- 

Jan%202011 .pdf) shall be used. However, the liquefaction susceptibility and triggering analyses 
performed as part of this procedure shall be based on Section 6.10.6 and Section 6.10.7, 
respectively. Similarly, the lateral spread estimates shall be based on Section 6.10.8. The 
geotechnical engineer shall compare the estimated lateral spread values with the allowable 
deformation values described in Section 6.3.5 of this TM and develop mitigation plans described 
in Section 6.10.9 of this TM, if necessary. The geotechnical engineer shall also consider the 
long-term, post-construction performance requirements for earth-and-fill conditions. 

Numerical methods incorporating finite element and/or finite difference techniques may be used 
to assess pile response in laterally spreading soils. 

6.10.11 Evaluation of P-Y and T-Z Springs for Seismic Analysis 

Geotechnical and structural engineering guidance for seismic analysis using P-Y and T-Z springs 
will be prepared for Final Design. 

6.10.12 Evaluation of Foundation Dynamic Stiffness and Damping 

Geotechnical and structural engineering guidance for seismic analysis considering foundation 
dynamic stiffness and damping will be prepared for final design. 

6.10.13 Dynamic Soil Pressures on Earth Retaining Structures 

All retaining walls, abutment walls, and basement walls shall be evaluated and designed for 
seismic stability internally and externally (i.e., sliding and overturning). With regard to overall 
seismic slope stability (often referred to as global stability) involving a retaining wall, with or 
without liquefaction, the geotechnical designer shall evaluate the potential for failure and its 
impacts on performance. 

For retaining walls that are not restrained from rotation at the top in locations where PGA values 
are less than or equal to 0.30g, walls shall be designed for only active pressures and inertial 
forces of the wall itself, but additional seismic earth pressures shall not be considered. For walls 
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containing cohesioniess materiais as backfiii, seismic pressures shaii be estimated using the 
Mononobe-Okabe (M-0) method (Mononobe and Matsuo, 1929). Horizontai seismic coefficient 
(kh) shaii be estimated using the Bray et ai. (2010) method assuming a waii movement of 1 inch. 
For the 30% design phase and finai design, PGA vaiues associated with two performance ieveis 
shaii be used. The earth pressures shaii be separated into the incrementai seismic pressures 
and the active earth pressures in the foiiowing manner: 


AKae = Kae — Ka 
where 

AKae = Incrementai seismic pressure coefficient 

Kae = Totai seismic pressure coefficient 

Ka = Active pressure coefficient 

The incrementai seismic earth pressure shaii be taken as a trianguiar distribution with the 
resuitant acting at 0.33H from the bottom (i.e., an upright rather than inverted triangie). This 
pressure shaii be added to the active earth pressure for the design. For higher angies of sioping 
back fiiis where the M-0 soiution does not converge (see Figure 7.8 of NCHRP Report 611) 
methods presented in Chapter 7 of the NCHRP Report 611 shaii be utiiized. For backfiii 
materiais consisting of cohesive or cohesive and frictionai (c-cp) materiai, methods presented in 
Chapter 7 of the NCHRP Report 611 shaii be used. 

For basement waiis (or waiis restrained against rotation) in iocations where PGA vaiues are iess 
than or equai to 0.35g, waiis shaii be designed for oniy at-rest pressures and inertiai forces from 
the waii itseif, but additionai seismic ioads shaii not be considered. For higher PGA vaiues, the 
higher of the at-rest pressures or the active pius M-0 pressures shaii be used for the design. 
Seismic coefficient vaiue (kh) shaii be estimated using Bray et ai. (2010) assuming a waii 
movement of 1 inch. 

6.10.14 Seismic Settiement of Unsaturated Soiis 

Seismicaiiy induced settiement of unsaturated granuiar soiis (dry sands) shaii be estimated using 
procedures provided by Tokimatsu and Seed (1987). Estimated vaiues in terms of totai and 
differentiai settiements shaii be reported. 

The geotechnicai engineer shaii compare the estimated settiement vaiues with the aiiowabie 
deformation vaiues described in Section 6.3.5 of this TM and deveiop mitigation pians described 
in Section 6.10.9, if necessary. The geotechnicai engineer shaii aiso consider the iong-term, 
post-construction performance requirements for earth-and-fiii conditions. 

6.10.15 Seismic Siope Stabiiity and Deformation Anaiyses 

Instabiiity of siopes during seismic ioading couid be due to iiquefaction or due to inertiai ioading, 
or a combination of both. In this section, instabiiity of both the naturai existing siopes and 
embankment siopes is addressed. 

The geotechnicai engineer shaii compare the estimated deformation vaiues with the aiiowabie 
deformation vaiues described in Section 6.3.5 of this TM and deveiop mitigation pians described 
in Section 6.10.9, if necessary. The geotechnicai engineer shaii aiso consider the iong-term, 
post-construction performance requirements for earth-and-fiii conditions. 

6.10.15.1 Liquefaction-Induced Flow Failure 

Liquefaction ieading to catastrophic fiow faiiures driven by static shearing stresses that resuit in 
iarge deformation or fiow shaii aiso be addressed by geotechnicai engineers. These fiow faiiures 
may occur near the end of strong shaking or shortiy after shaking and shaii be evaiuated using 
conventionai iimit equiiibrium static siope stabiiity anaiyses. The anaiysis shaii use residuai 
undrained shear strength parameters for the iiquefied soii assuming seismic coefficient to be zero 
(i.e., performed with kh and kv equai to zero). The residuai strength parameters estimated using 
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the method presented in Section 6.10.7 of this TM shaii be used. In addition, strength reduction 
due to cyciic degradation versus strength increase due to the effects of rate of ioading shaii be 
considered for normaiiy consoiidated ciayey iayers and non-iiquefiabie sandy iayers. Chen et ai. 
(2006) have discussed the effects of different factors on the dynamic strength of soiis. The 
anaiysis shaii iook for both circuiar and wedge faiiure surfaces. If the limit equilibrium FOS is less 
than 1.1, flow failure shall be considered likely. Liquefaction flow failure deformation is usually 
too large to be acceptable for design of structures, and some form of mitigation will likely be 
needed. However, structural mitigation may be acceptable if the liquefied material and any 
overlying crust flow past the structure and the structure and its foundation system can resist the 
imposed loads. 

If the FOS for this decoupled analysis is greater than 1.1 for liquefied conditions, ky shall be 
estimated using pseudo-static slope stability analysis. The same strength parameters as used 
during the flow failure analysis shall be used. A new critical failure plane shall be searched 
assuming both circular and non-circular failure surfaces. Yield acceleration is defined as the 
minimum horizontal acceleration in a pseudo-static analysis for which FOS is 1.0. Using the 
estimated ky values, deformations shall be estimated using simplified methods such as Makdisi 
and Seed (1978) and Bray and Travasarou (2007). Other methods such as Newmark time 
history method or more advanced methods involving numerical analysis may be used, but shall 
be checked against the simplified methods. 

For pseudo-static analyses to estimate ky values, residual strengths for the liquefied layers and 
reduced strengths for normally consolidated clayey and saturated sandy layers with excess pore 
water pressure generation (as described earlier) shall be used. This is generally a conservative 
approach but is appropriate for preliminary engineering design. For final design more advanced 
methods involving numerical analyses may be used to better characterize the initiation of 
liquefaction and pore pressure generation and subsequent reduction in strength. 

6.10.15.2 Slope Instability Due to Inertial Effects 

Pseudo-static slope stability analyses shall be used to evaluate the seismic stability of slopes and 
embankments due to inertial effects. The pseudo-static analysis consists of conventional limit 
equilibrium slope stability analysis with horizontal seismic coefficient (kh) that acts upon the 
critical failure mass. A horizontal seismic coefficient, kh, estimated using Bray and Travasarou 
(2009) and a vertical seismic coefficient, kv, equal to zero shall be used for the evaluation of 
seismic slope stability. The Bray and Travasarou (2009) method requires an estimate of 
allowable deformation to compute kh. Therefore, for the MCE, an allowable deformation of 6 
inches may be used, and for the QBE, the allowable deformation presented in Table 6.3.5-1 shall 
be used. For these conditions, the minimum required FOS is 1.0. Alternately, pseudo-static 
analyses may be performed to estimate ky values. There is a debate in literature whether the 
slope failure plane during the pseudo-static analysis shall be fixed based on the results of static 
analyses or a new failure plane is searched. A new failure plane shall be searched for the 
pseudo-static analysis. The analysis shall look for both circular and non-circular failure surfaces. 

6.10.15.3 Seismic Siope Deformations 

Deformation analyses shall be performed where an estimate of the magnitude of seismically 
induced slope deformation is required, and the pseudo-static slope stability FOS is less than 1.0. 
Acceptable methods of estimating the magnitude of seismically induced slope deformation 
include Newmark sliding block (time history) analysis, simplified displacement charts and 
equations based on Newmark-type analyses Makdisi and Seed (1978), Bray and Travasarou 
(2007), and Rathje and Saygili (2008), or dynamic stress-deformation models. These methods 
shall not be employed to estimate displacements if the post-earthquake static slope stability FOS 
using residual strengths is less than 1.0, since the slope will be unstable against static gravity 
loading and large displacements would be expected. 

6.10.16 Downdrag Loading (Dragload) on Structures Due to Seismic Settlement 

Downdrag loads on foundations shall be evaluated in accordance with Article 3.11.8 of the 
AASHTO LRFD Bridge Design Specifications and as specified herein. The AASHTO LRFD 
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Bridge Design Specifications, Articie 3.11.8, recommends the use of the non-iiquefied skin friction 
in the non-iiquefied iayers above and between the iiquefied zone(s), and a skin friction vaiue as 
iow as the residuai strength within the soii iayers that do iiquefy, to caicuiate downdrag ioads for 
the extreme event iimit state. 



Page 98 





6/24/2011 3:21:41 PM CAHSRP.TBL CHSR_ ha I f_ bl ack.pl t T:\13259B Calif High Speed Rai I \CADD\Directive Drawings\2.9.1 0 - Geotechnical Guldel inesXTM 2.9.10-A.dgn 


o 

u 

c 

E 





































CAHSRP.TBL CHSR_ ha I f_ bl ack.pl t T:\13259B Calif High Speed Rai l \CADD\Directive Drawings\2.9.1 0 - Geotechnical Guldel inesXTM 2.9.10-B.dgn 







































CAHSRP.TBL CHSR_ ha I f_ bl ack.pl t T:\13259B Calif High Speed Rai l \CADD\Directive Drawings\2.9.1 0 - Geotechnical Guldel inesXTM 2.9.10-C.dgn 


o 

u 


E 


NOTE: 


HST H5T 

TRACK TRACK 


1. SEE SLOPE DETAILS ON TM 2.9.10-B FOR ADDITIONAL 
INFORMATION. 



MEMBRANE/LAYER 


DRAINAGE LAYER UNDER EMBANKMENT IN FLOODPLAIN 

SCALE: 1 /4" = 1 '-0" 


HST HST 

TRACK TRACK 



DRAINAGE LAYER UNDER EMBANKMENT IN WET LOCATIONS 


TYPICAL SECTION EARTHWORK EMBANKMENT 
IN FLOOD PLAIN / HIGH WATER 

SCALE: 1 /4" = 1 '-0" 


REV 


DATE 


BY 


CHK 


APP 


DESCRIPTION 


DESIGNED BY 

B. VALENTI 

DRAWN BY 

D. SO _ 

CHECKED BY 

T. LEE 

IN CHARGE 

J. CHIRCO 

DATE 

06 / 22/11 


PARSONS 

BRINCKERHOFF 



CALIFORNIA HIGH-SPEED TRAIN PROJECT 
TECHNICAL MEMORANDUM 


CONTRACT NO. 

1 3259 

DRAWING NO. 


CAL/FORN/A 

H/GH-SPEED RA/L AUTHOR/Ty 


EARTHWORK 

EMBANKMENT IN FLOODPLAIN / HIGH WATER 


TM 2.9.10-C 

SCALE 

AS SHOWN 

SHEET NO. 









































